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1 PREFACE

This report presents the results of a study to determine parametsic

i cost and weight estimating velationships for commerciai and military crans-

port aircraft at the standard weight group ot system level. The study was.
! sponsored by the National Aeronautics and Space Administration under
contract number NASZ-8703. Mr. Joseph L. Anderson moriitored the study for
the V/STOL Systems Technology Branch of the V/STOL Aircraft Technology
- Division, Ames Reseatch Center. Work was performed between January 1975
and April 1977 by the Economic Analysis Division of Science Applications,
Inc. and its subcontractor, The Douglas Aircraft Company.

. The study effort reported herein is a continuation of work also spon-
- sored by NASA under contra¢t number NAS2-7836 which resulted in a repotrt,
Parsmetric Study of Transport Aircraft System Weight and Cost (R-1816, .
October 1974) by PRC Systems Science Company with The Douglas Aircraft
Company and Lockheed California Company as subcontractors. The principal

—o——r ey
* - s

investigators for this previous report, which is referred to frequently

o

in the present report, were Mr. Trapp and Mr. Marsh.

The two principal objectives of the present study effort were to 3
- refine the cost and weight estimating relationships developed in the {
HES previous report (with emphasis on the cost estimating relationships) and '
to extend the relationships to small transport aircraft.
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EXECUTIVE SUMMARY

This report preaents the results of a NASA eponsorcd study to develop
production cost estimating relationships (CERs) and weight cotimating
relationships (WERs) for commercial and military transport aircraft at the
system level. The systems considered in this report eorrespond to the
standard weight groups defined in Military Standard 1374, They ares

Wing Flight Conttols Auxiliary Power

Tail Hydraulic Furnishiags and Equlpment
Body Electrical Instruments

Alighting Gear Pneumatic Avionics

Nacelle Air Conditioning Load and Handling
Propulsion Anti-Icing

(less engine)

These systems make up a complete aircraft excluriv. " engines. The CER
for each system (or CERs in several cases) utiliz. weight as the key
parameter. Weights may be determined from detailed weight statements,

if available, or by using the WERs developed in this study which are based
on technical and performance characteristics generally available during

preliminary design.

The CERs that have been developed provide a very useful tool for nuking
preliminary estimates of the production cost of an aircraft. Likewise, the
WERs provide a very useful tool for making preliminary estimates of the -
weight of aircraft based on conceptual design information. Although the
CERs and WERs are based on current technology, any . vstems which involve
new technologies* may be analyzed further using the CER or WER based on
currcn: technology as a point_of departure. The CERs may also be used to
make preliminary estimates of the production cost of modifying an existing

% It is unlikely that a transport aircraft that utilizes new technologies
for every system will be designed- or produced in the forseeable future.
Rather, future transport aircraft will probably be derivatives of current
aircraft. Therefore, many of the CERs provided will “e appropriate for
estimating the costs of future transport designs.

x1i
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aircraft. Por example, if an aircraft requires new wings, the wing CER may

be used, as well as CERs for other systems which might be affected such as ..
flight controls and anti-icing. The cost estimate for the new wings based
on the CERs would serve only as a point of departure for futher analysis.

It should be noted that cost estimates for alrcraft involving new technology
or modifications cannot be made with acceptable confidence by using existing,
aggregate cost models because these models provide no means fotr making
estimates at less than the total airframe level.

-l

Adequate aircraft.cost data are not documented at the system level.

f Therefore, this study used novel data sources for developing system level

‘ CERs. Aircraft industry subcontractors with extensive experience in supply-
ing major components and subassemblies were identified and interviewed. The
geheral cost information that they provided on major components and sub-
assemblies was then aggregated by system according to the proportion cf
total system weight. Since the cost data variéd substantially in terms of o 2
quality, confidence values were developed for each CER based on an evaluation -
of its data sources. Thus, anyone using the CERs has a basis for determin- ‘ ;
ing which CERs he should be most confident of and which he might want to A ;
confirm by using other data. L E

Three diverse aircraft, a small commercial aircraft (F-28), a wide i
body commercial aircraft (DC-10) and a military tramsport (C-141) were 1
selected to test the validity of the CERs. When the estimated total cost i
was compared to the actual total cost of these aircraft, the estimated costs
varied by less than 10 percent. This accuracy is considered very good for . j
cost estimates of & preliminary nature. The WERs developed in this study . i
are based on actual, detailed weight and design data for more than 26 aircraft.
To -test the validity of the WERs, they were applied to the same aircraft as
the CERs (F-28, DC-10-10 and- C-141). When the estimated total weights were
compared to the actual total weights they varied by less than 6 percent. j

The CERs have also been applied using the estimated weights obtdined
from the WERs. The total costs estimated based on estimated weights have

*

xii
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remained within 10 percent of tte actual total costs. Thus, the CERs and
WERs presented in this report proride unique tools for making relatively
quick estimates of the production cost.snd the weight of commercial and
military transport aircraft.

<.
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SECTION 1 ..
INTRODUCTION

The purpose o“ this report is to provida a rapid means for estimating
the approximate cost and weight of commercial and military transport air-
craft at the system level, exclusive of engines., In this report the system
level refers to the seventeen major aircraft systems shown in Figure 1.1.*
These systems correspond to the standard weight groups defined in Military
Standard 1374. Several of these systems have been further broken down into sub-
systems for estimating purposes. The cost and weight estimating relationships
presented in this report should be useful to NASA, the Defense Department

and aircraft manufacturers for estimating the cost of cor eptual transport
aircraft designs.

The cost estimating relationships developed in this report are based
on considerable actual cost data for transport aircraft componernts and
majd; subassemblies,** Further, the bases for the cost estimating relation-
ships are discussed in detail, which should enable the user to
modify them for inncvative designs he may be ccncerned with. This latter
feature 1s of particular interest to NASA so that they can readily estimate
the costs of conceptual transporé aircraft designs which incorporate
technology improvements in individual aircraft systems. Such cost estimates
can be used by NASA in Screening potential aeronautical research and
development programs which it might sponsor.

The significance of the cost estimating relationships presented in
this report may be better understood by reviewing the several existing
methods for making cost estimates of new aircraft. The method typically usged
by an aircraft manufacturer is to make detailed industrial engineering estimates

of all the components. This method is reasonably accurate, but requires an

* The term system is used for a specific functional grouping of components as
defined in Section 4 and Appendix C.

**In order not to restrict distribution of this report, proprietary data have
been excluded.




Figure 1.1

*
TRANSPORT AIRCRAFT SYSTEMS

10.
11.
12.
13.
14.

15.

16.

17.

Pneumatic
Air Conditioning
Anti-Icing
Auxiliary Power
Furnishings and Equipment
Instruments
Equipment
Other
Avionics (Including Autopilot)**
Equipment
Other

Load aund Handling

Total Airframe

Engines (Bare)

Manufacturer's Empty Weight (MEW)

These systems correspond exactly to the standard weight groups defined
in Military Standerd 1374, except that the Military Standard combines
hydraulics and pneumatics intc one standard weight group.

1. Wing
2. Tail
3. Body
4, Alighting Gear
Structure
Controls
Wheels and Brakes
Tires
5. Nacelle
6. Propulsion (Less Engine)
Thrust Reverser
Engine System
Fuel System
7. Flight Controls (Less Autopilot)
8. Hydraulic
9. Electrical
#*
*¢

Avionics are usually not included in "airframe" particularly for military
fighters and bombers. However, ih this study avionics are considered a

part of airframe.

1-2
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inordinate amount of time and manpower and a data base only a manufacturer

" would have. For purposes such as conceptual development programs or trade- ;
. off studies, such accuracy is not tequired and such a large expenditure of ;
e time and manpower is not warranted. Qv
. Two cost models have previously been developed at an aggregate level 11

*
for the total airframe to provide approximate costs in a more timely manner.
i The RAND model, which has gone through several revisions, is widely used.(l’z)

v This model estimates engineering, tooling, manufacturing labor and material oy
.- costs for the total airframe as a function of a few aircraft characteristics -- ;
i, most importantly weight, speed and quantity. A second model which is é

' similar was developed by Planming Research Corporation.(3) While these models

5 are very useful, there are times when a slightly less aggregate, more
accurate model which is more responsive to differences in airecraft system

\ design is desirable.

- Two such models have been developed - the one contained in this report
;, and one developed by General Dynamics Cotporation.(A) The General Dynamics
model estimates costs at the major system level based on estimated costs

Rk
for some study aircraft and some actual aircraft costs. = All types of

-

aircraft are represented in the CGeneral Dynamics data base. The applicability
of much of that data to transport aircraft is not clear because fighters and bomb-

ers are characterized by more costly higl perforirance and low weight components. ‘
o Furthermore, the reliability and consistency of the data used by General 1

Dynamics in developing the model could uot be determined because the data ‘
were not documented.

o
i o o

e * Aircraft less engine and.avionics.

SN
e ik i LT

o ** General Dynamics also has a detailed model for airframe structure-~--wing,
tail and fuselage -~ which is useful for detailed structural design ,
trade-offs and structural technology assessment. Development of this 4

model wag sponsored by NASA and the Air Force.

e ————— .




The model developed in this study, which also estimates costs at the
system level, is specifically for transport aircraft and is based on actual .
cost data. Although cost data were not available at the system level
"’ because aircraft manufacturers do not collect or report costs for systems, .

T subcontract and vendor cost data were obtained for major components and
subassemblies and these data were the principal basis for developing

T —

estimates of system costs.

: In Section 2, the aircraft system cost estimating relationships developed s f
| in this.study are summarized. Then, these estimating relationships are o
applied to three existing transport aircraft (DC-10-10, C-141A and F-28). i
- The results compare favorably with actual airframe prices. In the remainder
ii of Section 2, the cost methodology, cost data sources and several factors

"

N which influence costs are discussed.

The aircraft weight data base and the system weight estimating relation- .. -
ships developed in this study are summarized in Section 3. Weight data ‘ ;
were readily available at the group weight or system level. However; sub- |
stantial effort was required to insure the comparability of the group
weight data for aircraft from different manufacturers because the Military
Standard 1374 definitions are not very precise as to what items constitute

each weight group or system. Further it was necessary to make certain 1
that the weight estimating and cost estimating relationships were con~ ;
sistént, i.e. that what was included in the weight of an aircraft system

was the same as what was included in the cost of an aircraft system. The (.
éstimating relationships utilize technical and performance characteristics
that are generally available during preliminary design as independent
variables. These weight estimating relationships show good corrélation.

The first three sections of this document summarize the study effort. - ]
Detailed derivations and discussions of the cost estimating relationships .
for each system are contained in Section 4. Detailed derivations and dis- o i

cussions of- the weight estimating velationships for- each system are- contained
in Section 5. The appendicies provide supplemental information including discus-

Y 1-4
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sions of the assumptions made in calculating cumulative average costs from
price information, descriptions of recurring cost elements used by aircraft
manufacturers and a detailed description of each system.
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SECTION 2
SUMMARY OF CNST ANALYSIS

Transport aircraft cost data were collected and analyzed, and pro-
duction cost estimating relationships (CERs) were developed for the seven-
teen aircraft systems discussed in Section 1. These CERs are summarized
below. A demonstration is then given of the application of these CERs to
three existing transport aircraft. The cost methodology used in developing
the CERs 16 discussed next. Sources from which cost data were obtained
and general factors which influence costs are also discussed. In Séction
4, the components which make up each system, relevant technical information

and the data and analysis used in developing each CER are discussed in
detail.

A, SUMMARY OF COST ESTIMATING RELATIONSHIPS

Parametric CERs have been developed under this study for commercial .
and military transport aircraft at the system level. These cost estimatihg
relationships are for recurring production costs only and do not include
the bare engine cost. They are shown in equation form in Table 2.1. The
equations are for cost per aircraft (not cost per pound) and include a
quantity scaling factor. These CERs include both the produetion cost and
an assumeéd aircraft manufacturer's profit of 10 petcent.* Bach CER is
based on a detailed understanding of the major components that make up
each aircraft system, the technical and performance characteristics of

these components and the costs of these components.

Alrcraft system costs were found to correlate reasonably well with
system weights as the independent variable. Correlations with other

technical and performance characteristics were examined but appeared

* The CERs estimate the aircraft manufacturer's sales pr.ce assumiag the
manufacturer makes a 10 percent profit. This is typical for military
aircraft. However, for commercial aircraft, the manufacturer's sales
price is typically constant such that the manufacturer loses money
until a certain number of units are sold. This is discussed further in
Appendix A.
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1.
2.
3.
4.

5.

6.

7.
8.

9.

10.

LL.

Table 2.1

SUMMARY OF COST ESTIMATING RELATIONSHIPS
(CUMULATIVE AVERAGE COST IN 1975 DOLLARS)

System
Wing

Tail
Body

Alighting Gear

A. Structural

B. Controls
C. Wheels & Brakes

D. Tires
Nacelle

Propulsion (less engine)

A. Thrust Reverser

€

B. B:gﬁe,ijstem
Enj[ﬂ’

C. Puwl System

Flight Controls

Hydraulic
Electrical .

Pneumatic

Air Conditioning

Equation
¢, = 1730 wlo.766 q-0-218
¢, = 1820 w,0+766 q0.218
¢, = 2060 w,0:7%8 q~0-218
Gy = 1180 wMo.me 9-0.218 (W £10,000)
ic“ = 136 W,, q0-218 (W >10,000)
043 = 157 w4B Q-0.0896
C4c - 23.8 w(.c Q-0.0896
C4D = 2.0 W4D
Cg = 3470 W5°‘766 Q-0.218 (w/Acoustic)
305 = 2660 w5°‘766 Q-0°218 (wo/Acoustic)
c 6A ™ 3830 W6A0‘766 »Q-O.218 (Fan w/Acoustic)
C6A = 2800 W6A0’766 Q-0.218 (Fan wo/Acoustic)
Cen = 2330 W6A0‘766 Q"O‘218 (Target wo/Acoustic)
°53 - 61’9'w63 Q-0.0896
c6c - 159 wﬁc Q—0.0896
C7 - 205 w7 Q-0.0896
Cy = 54.4 Wy q 00896
Cy = 209 W, Q-0.0896 (W €5,000)
’cg - 178wy ¢ %% w>s,000
§cm - 151w, q0-08% W< 400
C,p = 201 Wy @70 %% w> uo0)
¢, = 2, o0+ 0896
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Subscripts refer to the numbers in the left hand column,

Table 2.1 (Continued)

SUMMARY OF COST ESTIMATING RELATIONSHIPS
(CUMULATIVE AVERAGE COST IN 1975 DOLLARS)

System
12 [ Anti"ICing
13. Auxiliary. Power
14, Furnishings and
- Equipmerit
15, Instruments
A. Equipment
B. Other
16. Avionics
A. Equipment
B. Other
17. Load and Handliag
18. Final Assembly and Delivery
Where:

Cy2

Cy3

1

Cysa
c

Ci6a

c

17

Cpq = 102 W, Q

158

168
C,, = M7 C

Equation

-0,0896
243 W13 qQ

~0.0896

-0.0896
14 @

- 14 ~0.184
1930 wlSA Q

~0.184
154 wiSB Q

-00 184«
= 1930 w16A Q

154 wl6B Q
W

3

"00 184

W,
17

c18 = - Ci X0.25

including an assumed 10 percent profit.

W = Weight of system or subsystem

Q = Production quantity

Wl__:""wiug weight,

P LB I RS o Y. OTHD AN NS N o L ""'W:J s

(W £25,000)
(W >25,000)

C = Cumulative average cost for Q units in constant 1975 dollars

For example,
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independent variables guch as parts count and commonality might be

: ? *
e to offer no advantages over weight. At later stages of design other
{
!
i included to improve estimates. However, such data are generally not avail~
\

able during preliminary design when use of this model is intended.

F?~ The equations in Table 2.1 were developed for design technologies

. and manufacturing processes which are currently in use. They may not, for
.i15 example, accutrately represent new technologies where weight is significauntly
2 reduced while unit cost'changes.little. Therefore, if the user i8 interested
in assessing new technologies or manufacturing processes he is advised to
carefully consider the data upon which the equations are based as discussed

in Section 4.

i It is demonstrated in Section 2B that the CERs in Table 2.1 provide

I y reasonably accurate estimates of the total cost of existing transport air-
= craft. However, it is possible that compensating etrors exist within this
set of equations and the user is, therefore, advised to consider the data

vpon which they are based if his purpose is to estimate the cost of only a
few aircraft systems rather than the cost of a complete aircraft.

Transport aircraft systems are ranked by percent of total cost in
Table 2.2. These percentages are very approximate and tay vary significantly
for specific designs. They do, however, provide an indication as to the
relative magnitude of the cost of the various systems. '

B. APPLICATION OF THE COST ESTIMATING RELATIOMSHIPS

Cost estimates have been made for tne DC-10-10, C-141A and F-28 using

* The aggregate cost models developed by RAND and Planning Research Corpora-
tion indicate that speed is a significarit independent variable for
estimating aircraft costs. However, these cost models included all types
of aircraft. For current transport aircraft speed differs only sliglitly

N N . G . oA s l-s 2
—= > — g, B S < . I S b e T re : B
ST T fowesgiieren i EateEE Sl B A T e R . CowTs A T

(about + 10 percent) and, therefore, speed was not & significant char-
acteristic in this study. If a future generation of transport aircraft
18 pushed to the limit of subsonic performance then speed should be
reconsidered.
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a ( Table 2.2 |
p ATRCRAFT SYSTEM RANK BY |
' APPROXIMATE PERCENT OF TOTAL COST |
}j Percent of Total
Rank System Aircraft Cost
P 1 Body 20
; 2 Wing 18
.1 3 Furnishings and Equipment (commetrcial) 10
3. Avionics 10
?‘ 5 Nacelle 7
% 6 Propulsion 6
P 7 Tail 5
aE 7 Alighting Gear 5
- 7. Flight Controls 5
: L} 10 Electrical 4
;f 10 Instruments ; 4
r 12 Air Conditioning 2
b 13 Auxiliary Power 1
L1 13 Prumatic 1
13 Anti Icing 1
i 13 Hydraulic 1
17 Load and Handling <1

} iy * Percentages are approximately the same for both commercial and military
} i, aircraft except furnishings and. equipment which accounts for only about
3 percent of the cost of military aircraft.
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the equations in Table 2.1. The results arc presented in Tables 2.3, 2.4
and 2.5, reapectively. The weights used are their actual weights as pro-
vided in Sections 3 and 5. A production quantity of 100 was assumed. The
estimated total cost for the aircraft is compared in Tables 2.3, 2.4, oand
2.5 to their "actual cost." The actual cost of the C-141A including profit
was available from government data. The actual cost of the two commercial
aireraft including an assumed 10 percent profit was estimated from sales
price data based on assumed non-recurring costs and breakeven quantities.*
When the estimated costs were compared with the actual costs it was found
that the cost of the DC-10-10 was underestimated by 4 percent while the
costs of the C-141A and F-28 weie overestimated by 10 and 4 percent,
raspectively. A range of -4 to +10 percent is quite acceptable for the
purpose for which these cost estimating relationships are intended, i.e.
to provide rapid estimates offthe approximate cost of conceptual designs.
The significance of these relatively small errvors is indicated by the fact
that the three aircraft for which the cost estimating relationships were

demonstrated represent a broad spectrum of current transport aircraft as:

e Two were produced by different U.S. manufacturers (DC-lO-lO by
the Douglas Aircraft Company and C-141A by the Lockheed-Georgia
Company) and one by a foreign company (F-28 by Royal Netherlands
Adrcraft Factories Fokker in the Netherlands).

e Two are commercial (DC~10-10 and F-28) and one is military (C-141A).

e The two commercial aircraft are of very different size (DC-10-10
manufacturer's empty weight (MEW) is 203,760 pounds compared to
29,178 pounds for the F-28). The military aircraft is medium

sized (C-141A MEW is 110,233 pounds).

Rk
e The aircraft represent different states-of-the-art.

* These assumptions are discussed in detail in Appendix A.

#*Although the C-141A and the F-28 were designed at about the same time ,
it seems reasonable to assume that a military aircraft would use
more advanced technologies than a commercial aircraft.
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Table 2.3

DC-10-10 COST ESTIMATE
(caclno IN 1975 §)

Cost per
System Waight pound
Wing 48,990 $ 51
Tail 13,657 72
Body 44,790 62
Alighting Gear (18,820) (40)
Seructure 10,672 50
Controls 1,424 104
Wheeis and Brakes 4,456 16
Tires 2,267 2
Nacelle #“* 8,493 153
Propulsion (less enginek* (7,673) (148)
Thrust Reverser (fan) 5,382 188
Fngine System 441 104
Fuel System 1,850 41
Flight Controls 5,120 136
Hydraulic 2,363 36
Electrical 5,366 118
Pneumatic 1,787 133
Air Conditioning 2,386 155
Anti-TIcing 416 151
Auxiliary Power 1,589 161
Furnishings and Equip. 38,072 68
fustruments 1,349 447
Avionics 2,827 447
Load and Handling 62 60
Sub-Total 203,760 78
Final Assembly - -
Rk
Total (less bare engines) 203,760 $ 98
Estimated CACLOQ $20,234 0.96
Actuai*CAcloo $21,100

* CACy oo
*% With acoustic treatment.

txtManufacturer's Empty Weight (less bare engines).

Cost

(8000)

$ 2,481
981
2,759
(755)
532
148
70
5
1,300
(1,134)
1,012
46
76
695
85
632
238
370
63
256
2,570
602
1,262
4

16,187
4,047
$ 20,234

+ Estimate based on assumptions discussed in Appendix A.
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System

Wing

Tail

Body

Alighting Gear
Structure
Controls
Wheels & Brakes
Tires

Naceélle

Propulsion (less. engine) 4,
Thrust Reverser (target)
Engine System
Fuel System

Flight Controls

Hydtaulic

Electrical

Pneumatic

Air Conditioning

Anti-Icing

Auxiliary Power

Furnishings and Equip.

Instruments

Avionics

Load and Randling

Sub~-Total

Final Assembly
Total (less bare engines)

E
stimated CACloo _‘§;1,809

$10,72r

Actual CACIOO

* CAClOO

%% Without acoustic treatment.

Table 2.4
C~141A COST ESTIMATE ™
(CAC, 5 TN 1975 $)
Coet per Cost
Weight Pound _  ($000)
34,262 g 55 1,887
5,745 87 505
28.578 68 1,955
(10.529) (45) €473)
5287 58 308
1.161 104 121
2.575 16 41
1,506 2 3
5, 630. 129 727
(5.780) (101) (583)
3.200 129 413
1,014 105 106
1,566 41 64
3:428 136 468
1,504 36 54
3,015 . 138 417
659 133 88
1,547 155 240
598 152 91
635 161 102
4,362 68 295
899 388 348
2,938 411 1,207
104 70 7
110,233 86 9,447
- - 2,362
110,233"** $ 100 $11,809

#*kkManufacturer's Empty Weight (less bare engines).
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i Table 2.5
(3] *
F~-28 COST ESTIMATE
: (CAC100 IN 1975 §)
kN Percent of Total Cost
- Cost per Cost (Less Final Assembly
System Weight _Pound ($000) and Delivery)
Wing 7,526 $ 79 $ 591 18.4
- Tail 1,477 121 179 5.6
Body 6,909 95 659 20.5
é Alighting Gear (2,564) (59) (146) (4.5) ,
- Structure 1,461 79 115 1.6 ;
Controls 205 104 21 0.7 ;
Wheels and Brakes 590 16 9 0.3 :
Tireq** 308 2 1 <0.1 i
Nacelle 866 200 173 5.4 4
- Propulsion (less engine) ., (988) (163) (144) (4.5) ;
Lo Thrust Reverser (target) 693 185 128 4.0 ’
. Engine -System . 57 = 105 6 0.2 :
Fuel System 238 42 10 0.3 1
. Flight Controls 1,404 136 191 5.9 f
5 Hydraulic 346 35 12 0.4 .
- Electrical 953 . 139 132 4.1 ]
Pheumatic 60 133.. 8 0.2 .
z Air Conditioning 520 155 81 2.5 !
5 Anti-Icing 520 152 79 2.5 :
- Auxiliary Power 320 159 51 1.6 :
. Furnishings and Equip. 3,535 68 239 7.4
oo Instrumentsd 267 446 119 3,7
e Avionics 923 446 412 12.8
Load and Handling 0 0 o 0.0
i Sub-Total 29,178 121 3,216 100.¢ g
. Final Assenibly - - 804 -
h Rk
Total (less bare engines) 29,178 $149 $ 4,020 -
Estimated CAC,nn _ $ 4,020 _ 1.04
:7 Actual CACloo $ 3,870
",‘

CACIOO = cumulative average cost for 100 aircraft including assumed 10 percent profit.
** Without acoustic treatment.

***Manufacturer's Empty Weight (less bare engines).
+ Estimate based on assumptions discussed 'in Appendix A.




c. SUMMARY OF COST METHODOLOGY

The first and most difficult step in developing aircraft system CERs

v
E

was the collection of meaningful cost data, Cost data were not available
at the system level because eircraft manufacturers do not collect or
report costs by system. However, subcontract and vendor* cost data were
available for many major components and subassemblies. More specifically,
the ucst data for the wing, tail, body, elighting gear, nacelle and
propulsion systems were based largely, but not entirely, on subcontractor
data from govermment contract information for military transports. Cost
Jata for the other systems were based largely, but not entirely, on cost
informa*ion of an app.oximate, generic nature obtained directly from
subcontractors. The cost data were normalized for inflation and build
quantity, as required. The available cost data were them carefully
analyzed together with technical and performance data and cost estimates
were derived for the various components and subassemblies. System level
cost estimates were developed by aggregating ccst estimatés for the major.
componenis and subassemblies based on the relative weights of the com-
@ ponents and subassemblies in accordance with the following equation:

C/W = 2:_33;_. (c,/v,)

8 8 1 Ws b S |
Where: C = cost

W = weight

8 = sgystem

i..= e¢ach major component or subassembly

For «xample:

Major Componeiit Component Percent of
ox Subassembly Total System Weight _ Cost Per Pound
f A 25% $ 50
; B 65 150
f c 10 25
Total System 1002 $ 113

* No differentiatioa is made in this report between subcontractors and ven-
dors. For convenience, the term subcontractor will be used to refer to
both.
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In a few cases, relevant cost data were not obtainable, therefore, assump-
tions had to be made regarding some major comporients and subassemblies,

These assumptions and the sensitivity of the cost estimates to them are
discussed in Section 4.

When the component percent of total system weight vartied significantly
by size or type of aircraft and sufficient data were available, then
separate cost estimates were determined for each of four classes of aircraft.
These classes are the following: small commercial (fewer than 100 passen-
gers, e.g., BAC-111, F-28, DC-9-10) ; medium sized commercial (100 to 200
passengers, e.g., 727-100, 990, 707-320, DC-8-62) ; wide body commercial
(200 to 400 passengers, e.g., 747, DC~10-30, L-1011); and military transport
(e.g., KC-135, c-141, C~130, C-5). The aircraft indicated for each class
are examples only. Data related to only one "generic" type aircraft,
either the DC-9-10 or the DC-9-30. for example, were used because it was
felt that using both might bias the results of the weight breakdowns toward
a particular design philosophy or technology.

The system cost estimates discussed above represent only a portion of
an aircraft manufacturer's recurring production costs. This may best be
understood by referring to the typical breakout of recurring transport air-
craft costs shown in Table 2.6.(14) In~house production and subcontractor
costs amount to about 66 percent of the total recurring production cost of
a transport aircraft. The remaining costs are called "In-houge Assembly"
and are the cost of integrating the various major componerits and subassemblies
into a complete eircraft ready to be delivered. The system cost estimates,
which are based on subcontractor data, are used to estimate all of the in-
house production and subcontractor (1.e., outside production and purchased
equipment) costs. This is considered valid since nearly avery major com-
ponent or subassembly on a transport aircraft has been made by a company
other than the aircraft maaufacturer. Thus, although an aircraft is com-
posed of parts produced by the aircraft manufacturer and by subcontractors,
it could conceivably consist only of parts produced by subcontractors and
assembled by the tanufacturer. In any case, the assumption ig made that
the aircraft manufacturer's "make or buy decision" is based primarily on

2-11
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Table 2.6

RECURRING PRODUCTION COST ELEMENTS
FOR TRANSPORT AIRCRAFT

*
Cost Element Percentage of. Total Cost™

In-House Production (32) %
Fabrication 11
Sustaining Engineering 8
Sustaining Tooling 5
Raw Material 8

Subcontractor (34)
Outside Production 22
Purchased Equipment 12

In-House Assembly (34)
Quality Control 5
Minor Assembly 7
Major Assembly (22

Sectional Assembly

Installation & Checkout 9

Miscellaneous 6
Total 100%

* See Appendix B for cost element descriptions.

The cost elements include
direct and indirect costs. Direct costs are those that can be identified
with a particular output objective such as a specific aircraft. Indirect
costs are those which are incurtred for common or joint objectives and

must, therefore, be shared in some equitahle manner. 1Indirect costs are
often synonymous with overhead and general and administrative (G&A) costs.
For a thorough discussion of indirect costs see: Martinson, Major Otto B.,
A Standard Clessification System for the Indirect Costs of Defense
Contractors_in the Aircraft Industry, U.S. Government Printing Office, 1969.

**Adjusted to cumulative average cost for 100 aircraft.
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lowest cost.* Therefore, the subcontractor costs should closely approximate
the aircraft manufacturer costs for producing a similar item, It should be
noted that in Section 4, in-house production and subcontractor costs .are
not differentiated and are referred to simply as subcontractor costs.

In order to artive at the total recurring aircraft cost, in-house
assembly ¢osts must be added to the system cost estimates discussed above.
Based on Table 2.6, system cost estimates for in-~house production and sub-
contractor costs must be multiplied by a factor of 1.52 (i.e., 1/0.66)
to artive at an approximation of the total cost of & transport airctaft
including in-house assembly but exclusive of any profit for the aircraft
manufacturer. However, in developing CERs for the individual aircraft
systems it was decided to séparate the in-house assembly costs into (1)
those related to. integrating the various major components and subassemblies
into a complete system and (2) those rélated to final assembly of the
systems into a complete aircraft. Although an aircraft is not constructed
by producing complete, individual systems and then integrating them, but
rather by a series of operations where systems in a particular section
of an aircraft are built up simultaneously with other systems, the
distinction between "system-level assembly" and "final assembly" was
considered useful in showing a hypothetical, complete system cost. While
no precise data were available to separate these assembly costs, it was
assumed that system-level assembly would inmclude all minor .assembly, half
of installation and checkout and half of quality control. From Table
2.6, these items account for about 14 petrcent of recurring production costs.
Therefore, in-house productioh and subcontractor costs must be multiplied

by a factor of 1.21 (i.e., 0.80/0.66) to account for system-level assembly.

* It 18 recognized that factors other than lowest cost are occasionally
significant. For example, lenders may require that subcontractors be
used in order to spread the risk and foreign subcontractors are occasion-
ally used ts stimulate foreign sales. Howevér, even in such cages it
is not expected that the subcontractor's cost would differ significantly
from the manufacturer's cost.
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If a nominal 10 percent profit 18 assumed and allocated to the individual
systems,* thén in-house production and subcontractor costs must be multi-
plied by a factor of 1.33** (1.e., 1.21 x 1.10) to arrive at system-level
CERs. Final assembly costs which aré the remaining portion of in-house
assembly costs are about 20 percent of recurring production costs. There-
fore, final acsembly 1s 25 percent (i.e., 0.20/0.80) of tae sum of all
system level CERs. This factor for final assembly is substantiated by
another study(la) which indicates a factor of 13 to 25 percent of total

recurring production costs.

Because the quality of the data available for this study ranged from
excellent to poor, the confidence the authors have in the various cost
estimating relationships they have developed is an important issue. Attri-
buting confidence values to cost estimating relationships is necessarily
a subjective task. The categories and related confidence values presented
in Table 2.7 were developed by the authors to help reduce arbitrariness.
Confidence values represent an important, innovative aspect of this study
as they provide a numérical (albeit subjective) represéntation of the con-
fidence the authors have in the data upon which the cost estimating
relationships are based. They should, therefore, be useful in indicating
areas where potential errors might occur in applying the CERs or where
further study could.be done.

* The assumption of a 10 percent profit is discussed in the footnote on
page 2-4, Profit was allocated to the individual systéms in order to
reasonably attribute as much of the cost as possible to them. The total
estimated cost of an aircraft is the same whether profit is broken out
by system or lumped as a final add on.

**This fdctor may vary significantly for the different systems. For exam-
ple , system assembly costs are expected to be greater for an electrical
systemt (given the labor required for wiring) than for an auxiliary power
plant (which is relatively simple to install). However, since no valid
basis was determined for allocating these costs proportionately by system,
they were treated as a fixed percentage of in-house production and sub-
contractor costs. The cost data used for the tail and nacelle included
assembly of components. into the total system sirice the subcontractors
for these systems provided essentially the complete-system. Therefore,
and approximate factor of 1.21 was used for the tail and nacelle.
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, Table 2.7

BASIS FOR ATTRIBUTING CONFIDENCE VALUES TO COST ESTIMATING RELATIONSHIPS

Source of Data

Extensive detailed costs available and
accuracy confirmed by industry expert(s)

Estimate provided by industry eéxpert(s)
and verified by some actual data

Similar estimate provided by at least two

industry experts or reported actual costs

Estimate provided by one industry expert
only
Estimate based on one reported actual cost

Estimate based on judgment using data for
similar item as basis for extrapolation

Other assumption

2-15
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Table 2.8 1ists the confidence values assigned to each of the cost
estimating relationships summarized in Table 2.1. Confidence values were
determined at these levels by prorating values assigned to major components

and subassemblies in accordance with the following equation:

c
v, -‘i‘:ﬁi— v,
Where: V = confidence value
C = cost
s = sgystem
i = each major component or sul'assembly

It is stressed that these confidence values are ordinal numbers and
are used to reflect only the relative confidence attributed to the various
cost estimating relationships ranging from high (10) to low (0). In other
words, a cost estimating relationship for which a 7.0 confidence value
has been attributed is based on data that is assumed to Ye more reliable
than one with a 6.0 rating and less reliable than one wity: an 8.0 rating.

D. SOURCES OF COST DATA

It 1s necessary to obtain valid cost data at some desired level of
detail in order to develop reliable cost estimating rela;ionships such as
those summarized above. Obtaining such costs was a problem for this study
and it was necessary to investigate many potential sources of data. Each
general data source is discussed briefly below to indicate some advantages,

problems and disadvantages associated with it.

Aircraft Manufacturers

Aircraft manufacturers would appear to be the most likely and most
complete source of cost data for transport aircraft systems. This source
proved to be of little value. Whereas weight and volume dJata are readily
available at the aircraft weight group or system level, cost data do not
appear to be documented by aircraft manufacturers at the system level except
in some cases for structural systems (wing, tail and body). Aircraft costs

liave been traditionally broken out into categories such as engineering,
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Table 2.8
SUMMARY OF CONFIDENCE VALUES FOR COST ESTIMATING RELATIONSHIPS

System Confidence Value

Wing 8.0
Tail 9.0
Body 7.0
Alighting Gear

Structure 8.0

Controls 5.0

Wheels & Brakes 8.0

Tires 9.5
Nacelle 6.0
Propulsion (less engine)

Thrust Reverser 6.0

Engine System 5.5

Fuel System 4.1
Flight Controls 6.9
Hydraulic 6.3
Electrical 7.9-8.3
Preuwmatic 4,9-5.8
Air Conditioning 7.8
Anti-Icing 4,0
Auxiliary Power 7.9-8.4
Furnishings & Equipment 5.0-7.3
Instruments 8.0
Avionics 8.0
Load & Handling 3.0
Subtotal*

Final Assembly and Delivery

Total (less bare engines)* 7.3

* The subtotal and the total confidence values shown are weighted averages
based on the estimated percentage of the total cost for each of the air-
craft systems. The estimated costs for the DC-10-10, C-141A, and F-28
produced identical weighted averages for the subtotal and total.
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tooling, manufacturing, labor and material, but within these categories they

have not been associated with systems.

The problem in obtaining system cost information is illustrated by thc
(5)

results of a Lockheed study pertaining to C-5 cost, schedule and tech-
nical characteristics performed for the NASA Johnson Space Center. In this
study, Lockheed was to provide C-5 costs by system (these systems are
similar but not necessarily identical to those defined in this study).
Lockheed made use of detailed accounting system records which were on com-
puter tape. Even with such detailed information, which was rezdily amenable
to computer manipulation, only a portion of the cost of each system could
be identified. This included major subcontract effort and some of the
prime-contractor design engineering effort. The cost related to in-plant
manufacturing and assembly effort performed by Lockheed could not be iden-

tified sufficiently to be allocated to specific systems.

The biggest problem with obtaining cost data from aircraft manufac-
turers, however, was their reluctance to provide specific cost information
at any level of detail. Aircraft manufacturers guard their cost data
related to aircraft manufacturing, pricing or profit very carefully. Even
though Science Applications, Inc. rbutinely handles proprietary data,
manufacturers would not provide specific cost information because of intense

competition for the sale of tramsport aircraft.

Government Cost Information

(6)

The cost estimating relationships devg}oped in the previous report
were derived primarily from data obtained from government sources, The
specific sources of these data, which were 1listed in detail in that report,
consisted mostly of data on major subcontracted items and on vendor
supplied equipment and avionics which were found in contract records,
proposals and reports furnished to the government by the manufacturers of
such military transport aircraft as the: C-130, KC-135, C-141, and C-5A.

2-18




B

L

-k

[ 4

While these data were used in developing cost estimating rclationships,

they were incomplete and additional data were required from other sources.

some of the limitations and problems with government cost information are:

e Government contract cost data are not sufficiently detailed for all

gystems.

e Government contract cost data arc available only for the few military

transport aircraft,

While most of the systems have only minor

functional differences between military and commercial transport

aircraft, there are cases when they have little in common.

Fur-

nishings is one of the more obvious examples.

e The C-5A is the newest military trausport aircraft for which any

cost data were available and it reflects technology which is over

ten years old.

Further,

many C-5A data are of questionable value

because of innumerable, extraordinary problems related to the unique

contract under which it was procured and expensive methods employed

to keep weight below the design threshold.

e Contract cost information typically summarizes costs for many pro-

duction units.

Using this to determine an average unit cost

(even one adjusted to reflect an assumed learning curve) ignores

the fact that the aircraft manufacturing process is a dynamic one

wherec the tasks assigned
greatly over the lite of

under which a nacelle is

to a subcontractor occasionally vary
tho contrract., For example, the subcontract

manufactured might initially require that

only the shell be provided; by the time the subcontract is terminated
it may have been modified several times until, finally, a complete
power plant btuild-up is provided.

Spare Parts Cost Data

Alternative sources of cost data were sought to expand the data base

and to improve confidence in the cost estimating relationships which were

developed in the previous study.

A substantial cffort was spent investipa-

ting spare parts ~u2t data as a possible alternative.

il
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It was recognized at thc outset that spare parts probably have a sig-
nificantly higher profit margin than identical parts manufactured for
immediate assembly line use. However, it was felt that if spares prices
were uniformly higher, they might be adjusted so as to provide useful,
supplemental cost information. The problem was to obtain prices for spare
parts that could be related to weight or other characteristics Ao that cost
estimating relationships could be developed. Government, rather than

commercial spare parts prices were investigated becausc they were more

easily attainable.

Government spare parts price data were obtained for spare assemblies

and components. These dats were determined to be of limited value for the

following reasons:

¢ Spare parts are only those parts that are stocked pecause they are
typically replaced in the course of normal mazintenance. Parts that
are replaced only rarely are obtained from the manufacturer on an

as needed basis. Thus, spare parts represent only limited portionms

of a svstem.

e Spare parts prices represent the amount of the last unit purchased.
This results in several seve:e problems which make the data of
little use. These include: the fact that thr price specified is
often a function of the quantity bought per vrder (set-up time is
amortized over quantity and when a small quantity is produced, the
unit price is greatly increased); where the item would fall in
relation to the total quantity produced and the effect of a learning
curve is unknown because the aggregate production quantity is
unknown; and the effect of inflation cannot be determined because

the date of purchase is not indicated.

e Spares parts prices are typically available orly for components
below the subassembly level. This leads to the problem of determ-
ing whether and how assembly costs would affect the price of a

complete unit.
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o It is difficult to associate price informatlon with parts pumbers,

e Welghta of spare parts frequently could not bhe ohtainaed so that

cost per pound eatimating relationships could not he determined,

Major Aireraft Industry Subcontractors

Nearly every major item on an airplane has, at one time or another,
been manufactured by a company other than the aircraft manufacturer, Thus,
major aircraft industry subcontractors represented a huvge potential source
of cost data, and because of this attempts were made to contact those with
significant experience in the production of major system components and
subassemblies. In fact, whenever possible, more than oune manufacturer of

a particular item was contacted to eliminate or reduce possible individual
biages.

Initially it was thought that, like the aircraft manufacturers, sub-
contractors would be reluctant to discuss the price of their products.
Although experience verified that, with few exceptions, subcontractors would
not provide detailed selling prices for specific items, most were willing to
discuss price in general terms as they recognized that such prices would
not differ markedly from those charged by their competition. This cuopera~
tion significantly increased cur knowledge regarding the prirnes and factors

influencing the prices of major system components.
The following paints characterize data furnished by the subcontractors:

e Prices were provided for both commercial and military transport 2ir-

craft systems and, when appropriate, explanations were provided
as to why they differed.

® Prices were provided in 1975 dollars and, thercby, eliminated the
application of potentially erroncous inflation assumptions. (Iufla-
tion is discussed briefly in Section 2E,)

e fxplanations were provided as to how price would normally be uoxpected
to vary i{f changes in design, performance or reliability were

specified or if a new technology was applled,
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¢ Fxamples were also provided regarding other conditions that might
influence prices. These include quantities purchased under a
particular contract, inflation, the need to be competitive to win
a particular procurement and the relationship they huve experienced
in former dealings with customers.

While most of the information provided by major subcontractors did
not consist of actual prices for specific items, the approximate price
information that was provided was considered to be representative and
accurate enough for the purposes of this study. Furthermore, the explana~
tions provided were very useful in relating the costs of major components
and subassemblies to total system costs. Thus, using this subcontractor
information to complement and supplement that obtained from other sources
enabled cost estimating relationships to be developed that were based on
a detailed understanding of the aircraft systems,

E. FACTORS WHICH INFLUENCE COST

Some of the factors which influence cost are discussed below. While
the following comments will not apply in all cases, they should be con-
sidered before using cost estimating relationships to predict the cost of
an airframe or aircraft system so that potential pitfalls may be avoided.

The Relationship Between Weight and Cost

The cost estimating relationships summarized -arlier estimate cost as
a function of weight at the system level. It wmust be stressed, howaver,
that such cost estimating relationships hold only for a specified staute-of-
the-art or class of service. Should a dramatic technological breakthrough
rather than evolutionary design advancement occur or shculd a weight
reduction program be implemented, it is likely that these relationships
would be invalidated. 1If, for example, efforts are undertaken to dramatic-
ally reduce weight tur a given item, its cost per pound would typically
increas: significantly,
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'} ' ordinary design will be chosen if there is no serious weight competition.

Col much to the reduction of weight.
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The following was written about the cost/weight relationship pertaining
to aircraft hydraulic actuators., It is felt, however, that it is generally

RN, T
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applicable throughout much of the aircraft industry.

"Although a favorite game of estimacors is to establish a price per
pound on aircraft machinery, it is obviously a fact that a very lightweight
design will be more expensive than an ordinary design. A lightweight
¢ design requires more careful stress analysis, additional machining, exotic
L materials, and design concentration on an additional . factor beyond perfor-
mance and reliability.

f, "Weight reduction incentives may be in several forms; a generalized
desire on the part of the customer to reduce weight is usually inadequate.
A very heavy design probably will not be chosen in the first place but an

“Supplier experience has a strong influence on weight. As weight is 1
‘ emphasized from time to time, the designer learns what designs are reliable
- and yet lightweight. He also learns intuitively what factors affect the
weight and how the weight can be reduced economically. Here in depth
experience in a given field is of considerable value and will contribute

"The procuring agency or customer can have a very serious affect on R
the weight of an article. Cost being a primary penalty for lightweight
design, if procurement is based only on price, then a negative incentive
exists for low weight. If on the other hand a weight is stipulated as a
! primary factor and there is a stated dollars per pound incentive the
supplier can evaluate the relative merits of a lighter weight configuration.
...without a specific designated dollars per pound advantage specified by
the procuring agency, all suppliers are essentially in the dark as to how
far they should go in their weight reduction studies."(7)

RSP P

Inflation and Learning i

Two factors frequently cited as influencing cost are: inflation and
"learning." Inflation is simply an increase in the volume of money relative
to available goods which results in a substantial rise in the general price
level. Under inflation then, an item will cost more to produce tomorrow

than it does today using the same mix of materials, capital and labor. 1

For many years the industry has made use of what variously have been
callcd "learning," "progress," "improvement," or "experience" curves to
predict reductions in cost as the number of items produced increases. The

learning process is a phenomenon that prevails in many industries; its

4
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existence has beren verified by empirical data and controlled tests. Although
there are several hypotheses on the exact manner in which the learning or
cost reduction occurs, the basis of learning-curve theory is that each
time the total quantity of items produced doubles, the cost per item is
reduced to some constant percentage of the previous cost. Alternative
forms of the theory refer to the incremental (unit) cost of producing an
item at a given quantity or to the average cost of producing all items up
to a given quantity. For example, if the cost of producing the 200th unit
of an item is 80 percent of the cost of producing the 100th item, and if
the cost of the 400th unit is 80 percent of the cost of the 200th, and so
forth, the production process is said to follow an 80 percent unit learning
curve. If the average cost of producing all 200 units is 80 percent of the
average cost of producing the first 100 units, the process follows an 80
percent cumulative average learning curve. Either formulation of the
theory results in a power function that is linear on logorithmic grids.<8)

Although reference is frequently made to a learning curve of some
spacified percent. for an aircraft, it must be recognized that this is a
composite of many different learning curves. For example, fabrication
labor, minor assembly labor, major assembly labor, material and subcontractor

or vendor supplied items may all have different iearning curves.

Thus, inflation acts to increase cost while learning acts to resince
it. Even though these factors function independently of one another,
their combined effect should frequently be considered by the analyst attempt-
ing to make extrapolations from reported cost data because one may tend
to offset the impact of the other.

Military Versus Commercial Aircraft

Because military and commercial transport aircraft are occcasionally
different models of the same basic aircraft, it would be expected that
the cost and construction of common systems would be identical. While
this is frequently the case, notable exceptions exist., These exceptions
are caused by both the uses to which the aircraft are put and the
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contractual procees under which they are produced. Some examples of differ-
ences between military and commercial aircraft are discussed below and in
Section 4, These differences do not appear to be large enough to invalidate
the cost estimating relationships that have been developed when they are
appiied to determine the cost of a complete aircraft. However, the data
upon which the relationships were based should be reviewed and appropriate

adjustments should be considered when only the cost of a particular system
is sought.

One cause for differences between mili. v and commercial transport
aircraft components is the manner in which they are used. While a typical
Air Force cargo aircraft flies less than 500 hours annually, a commercial
transport may approach 3,600 annual flying hours. Air Force flying hours
are, however, more demanding on the equipment which, in part, results in

the lower expected life of some military aircraft components.

Other differences in cost between military and commercial aircraft
are caused by differing contractual requirements among the agencies over-
seeing production. For example, some military components must be hardened
against nuclear attack and the FAA has very strict fire and smoke regula-
tions. Each of these requirements increases the cost of the aircraft upon
which it is implemented. As another example, required use of high
reliability (Hi-Rel) parts for military electrical components may cause

them to cost two to ten times their commercial equivalents.

Other Factors

The extent to which existing technology will meet the requirements of
a particular system on a new aircraft and the degree to which off-the-shelf
components can be used in manufacturing will greatly influencec cost. A
change in technology may either increase or decrease the cost depending
on the specific case. Technological advances are often incorporated after
production has started. This usually increases the cost and perturbs
the learning curve.

© 2-25
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Another factor that influences cost is the difference in design phi-
losop..ies among the aircraft manufacturers. Each often has its own idea
regarding how a requirement 1s best fulfilled. Their approach to and
o need for additional outside manufacturing capability also influences cost.

1 For example, Boeing and Douglas generally design their own systems and
then procure componenis from several subcontractors while Lockheed often
has a single subcontractor design and produce a complete system.
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SECTION 3

SUMMARY OF WEIGHT ANALYSIS

Weight and technical data were collected and analyzed for 26 commercial

and military transport aircraft.* Using these data, weight estimating
relationships (WERs) were developed for the 17 aircraft systems discussed
in Section 1.** These WERs are summarized below. Ti. is followed by a
summary of the weight and technical data for the 26 transport aircraft, A
demonstration is then given of these WERs for three existing transport air-
craft. In Section 5, detailed weight and technical data are presented and
analyzed and the derivation of each WER is discussed.

A. SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

WERs have been developed under this study for commercial and military
transports at the system level. These WERs, which sum to the "manufacturers
empty weight" less the bare engine weight, are shown i{n Table 3.1. The
symbols used in the equations are defined in Table 3.2. Only those design
characteristics which are likely to be known during the conceptual phase
of the aircraft development were used. Any design and technology features,
which were not common to the majority of the vehicles in the data base nor
used under normal conditions, were removed before correlations were made.

Then, where appropriate, separate adjustments for special features were
calculated.

In some cases, separate WERs were developed for major components of
a system in order to have a WER that corresponded with each of the CERs
discussed in Sections 2 and 4. Also, for some systems, component WERs were

developed to improve correlations (e.g., the nacelle system is broken into

* For some aircraft systems, additional data were available and were used.

**The systems for which WERs were developed correspond exactly to the stan-
dard weight groups defined in Military Standard 1374, except the Military
Standard combines hydraulics and pneumatics into one standard weight group
and includes the autopilot with flight controls. Not to have put the auto-

pilot with avionics would have required arbitrarily splitting the integrated

flight guidance and control system weight for newer aircraft between flight
controls and avionics whereas the autopilot weight for older aircraft was
readily available.
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Table 3.1
SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

1. Wing

Wl = 0.930 Iw +6.44 sw + 390 Medium and Large

Wl = 4.24 Iw + 0.57 Sw Small

v R (zmi/toew) 0t (142 A )(W/S)Sw1'510-6

t/c (cos Qec/4)(1 + A )

where: Iw

Alternative Wing

Equation .

Wl = 0,112 TOGW - 1,720

2. ° Tail .
' 1
Wz = 5,03 St Conventional Tail o
= "nmn

WZ 6.39 St T" Tail |
3. Body o

W3 = 161 N - 5,110 Medium and Large

b Commercial
W3 = 110 Np Small Commercial A
Wy = 0.467 sbl'm Military .

4, Alighting Gear .
D H
Wy = LW+ 2 Wy,
1=A i=E
4.' Basic Alighting Gear
D
' [ ] = N
W, Z:w“1 W, +W_+d,, +W

4A 7 4B T Yac T "4p
1=A i
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4,

4A.

4B.

4C.

4D.

4E.

4F.

4G.

Table 3.1 (Continued)
SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

Basic Alighting Gear (Continued)

w“' = 0.0440 (TOGW) - 672 Medium and Large
Commercial
wz' = 0.0439 (TOGW) - 2,050 Medium and Large
Military
Wa' = 0.0395 (TOGW) Small Commercial
WA' = 0.0302 (TOGW) Small Military

Alighting Gear Structure

-8
- ' :
LY v, (0.450 + 23.]1 X 10 (Tocw))

Alighting Gear Controls

-8
= ' -
“AB WA {0.130 - 6.56 X 10 (TOGW)]

Wheels and Brakes

-8
- * -
W = W, [0.268-8.12X10 (TOGW))

Tires

-8
= ! - L
4D v, [0.152 - 8.38 X 10~ (TOGW))

Add for Low Pressure Tires

W

- W' [0.125 - 0.0102 X 10> (TOGW))

WiE 4

_ Add for each ft./sec. Increase in Sink Speed

W

= |
4F 0.038 LA

Add for Prepositioning and Inflate/Deflate Requirements

- '
w&G 0.184 W“
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| 4H.

5A.

SB.

5C.

6.

6Al.

Table 3.1 (Continued)
SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

Subtract for Carbon Brakes

W. = W' [0.0786 - 0.071 X 10~°. (ToGw))

4H 4
Nacelle
W = Wsp *+ Wy +¥se
Cowl
Wy = 0.0415 NeIc

where Ic = (1,316 + o‘.0125 nf) 1.11)f + Lf Df t
(1.316 + 0.0191 Df) L 1)f + Lc Dc

fex

Pylon

W = S N (8.0+ 0.0144 1

58 Py e ,(, L py’
where I - _M
Py B S
PY PY
Add for Tail Mounted "S" Duct Nacelle
0.893

Wge = 304 [(Wg, +Wsp)/N ] - (W5, + W) /N
Propulsion

We = Wear * Weao + Wep + Vg
Fan Thrust Reverser

w6A1 = (0.218 Df Lftr + 0,0120 Tftr) Ne
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Table 3.1 (Continued)
SUMMARY OF WEIGHT ESTIMATING RELATIONSAIPS

6A2. Engine Exhaust Reversers and Nozzles

Wea2 ™ (0.179 Dt Lpex + 0.0389 Tptr) Ne

w6A2 = (0.131 Dt Lpex + 0.0239 Tptr) Ne

w = (0.105 Dt Lpex + 0.0122 Tptr) Ne
Wea2 * (0.113 Dt Lpex + 0.0144 Tptr) Ne

Wear ™ (0.096 Dt Lpex + 0.0094 Tptr) Ne

6B. Fuel System

0.956

w = 2.71 (Lw th)

6B

W6B = 0.920 Lw th

6C. Engine Systems

Wsc = 117 Ne

Wec

7,8. Flight Controls and Hydraulics

= 133 N
e

W + W 0.973

7 g - 87.0 + 2.17 sce

W7 + Ws = 360 + 2,525 sca

- ‘--.....m-wm

Cascade or Target
Type Reverser with
Translating Sleeve

Simple Target Type
Reverser with Separ-

ate Flow Exhaust
Nozzle

Simple Target Type
Reverser with Mixed
Flcw Exhaust Nozzle
Separate Flow Engine
Exhaust System With-
out Thrust Reverser
Short Duct Engine

Exhaust System With-
out Thrust Reverser

Commercial

Military

Without auto throttle

With auto throttle

Single Hydraulic System

Multi-Hydraulic System




Table 3.l (Continued) ..
SUMMARY OF WEIGHT QSTIMATING RELATIONSHIPS e j

7,8. Alternata Flight Controls and . ¥
Hydraulics Equations l
Wy + W = 45.0 +0.269 (3 + 1.44 5,)1+106 Single Hydraulic System 't
B M
W7 +Wg = 45.0 + 1.318 (Sw + 1.44 St) Multi-Hydraulic System

(s, + 1.44 5) < 3,000

W, +Wg = 18.7 (5 + 1.46 5)%712 _ ) 620 Multi-Hydraulic System \
' (S, + 1.44 S) > 3,000 - |

7. Flight Controls

W7 = 0.769 (W7 + Wb) Single Hydraulic System N 1

W, = 0.728 (W7 + Wg) ' Multi-Hydraulic ‘System

8. Hydraulics

R P

wb = 0,231 (W7 + Wé) Single Hydraulic System » i

Wg = 0.272 (W7 + Ws) Multi-Hydraulic System

9. Electrijcal

W9 = 16,2 Np + 110 Commercial 0
w9 = 0,508 sb Military Sb £ 4,500
W9 = 0,0919 Sb + 1,870 Military Sb > 4,500

10,11, Pueumatic, Air Conditioning and
13, auxiliary Power

'- - 0.944 ; ’
10 * Wp1 * Wy, 26.2 Np Commercial f
0.545
Mg+ Wy * W, = 2345 Military
10,11, Pneumatic and Air Conditioning
wlo + “11 = 13.6 Np Commercial
0.56
Wo+W, = 15.65 0-360 Military
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10.

11,

13.

12,

14.

Table 3.1 (Continued)
SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

Pneumatic

"10 = 0.290 (Hio + "11’

Air Conditioning

wll = 0,710 (Wio + Wil)

Auxiliary Power

0.944

0.545 0.560

W = 23.4 S b

Anti-Icing

le = 0.38 Sw

le = 0.120 Sw

912 = 0.238 Sw

le = 0.436 Sw

"12 = 0,520 s"
Furnishings and Equipment

w14 = 62.3 Np + 290

"14 = 118.4 Np - 4,190

“14 = 0.650 8

b

Wiy = 0.271 8 41,710

" Commercial

Military

Nacelle Air Induction
and Misc. Only

Wing Mounted Turbo-fan
or Jet Engines YWichout
Tajdl Anci-Ice

Wing Mounted Turbo-fan
or Jet Engines with
Tail Anti-Icing
Fuselage and/or Tail
Mounted Turbofan
Engines with Tail
Anti-Icing

Wing Mounted Turboprop

Engines with Tail
Anti-Icing

Commercial Np S 80
Commercial Np > 80

Military S, S 4,500

Military'sb > 4,500




15,

15A.

158.

15cC.

16.

17.

Table 3.1 (Cortinued)

SUMMARY OF WEIGHT ESTIMATING RELATIONSHIPS

Instruments

W5

= 1,872 Np + 0.00714 G + (0,00145 T + 30) Ne + 162 Commercial

W = 0.0540 S, + 0.00714 G + (0.00145 T + 30) Ne + 160 Military

15 b
Fuel Quantity Instruments

wlSA = 0.00714 G + 34

Propulsion Instruments

W = (0.00145 T + 30) Ne

15B

Other Instruments

wlSC 1.872 Np + 128
wlSC = 0,0540 Sb + 126
Avionics

W16 = Np + 370

W16 = 2,8 Np + 1,010

W16 = 2.8 Np + 1,380

W16 = 2.8 Np + 1,970

W16 = 2.8 Np + 2,320

W 0.10 s, + 2,330

16 b
Load and Handling

W17 = 50

W17 = 130

W

-

Commercial

Military

General Aviation

Category I o1 IT Domestic
Category I or 11 Overwater
Category III Domestic
Category 1I1 Overwater

Military

Commercial

Military




-

Tahle 3.2

SYMBOLS USED IN WEIGHT ESTIMATING RELATIONSHIPS

Upper Case S:mbols

AR -
BPR =
1) -
GLA -
H -
I -
L -
MLA -
N -
RSS -
S -
T -
TOGW -
U -
W -
W/s -
ZFW -

Aspect Ratio

BRypass Ratio

Diameter (inches)

Fuel Quantity (gallons)
Gust Load Alleviation
Height (inches)

Weight Index

Length (inches except feet for wing)
Maneuver Load Alleviation

Number
Reduced Static Stability
Area (square feet)

Engine Thrust (1b./engine)
Takeoff Gross Weight (1b.)

Ultimate Load Factor
Weight (1b.)

Wing loading (lb./ft.z)
Zero Fuel Weight (ib.)

cos
cs

den

fex

ft
ftr

ptr

Py
pex

t/c

Q c/4

Lower Case Symhols

coefficlents
body

cowl

-~ co8ine

control surface

demountable weight of
power plant

engines
fan

fan exhaust ducting
including bifurcated
ducts and outer cowl

fuel tanks
fan thrust reverser
horizontal

iip to engine front
face

passenger

engine exhaust thrust
reverser

pylon
primary exhaust nozzle
landing gear struts

tail or turbine exhaust
flange

average thickness to
chord ratin

vertical tail
wing

taper ratio (tip chord/
root chord)

sweep angle of quarter
chord

*
1




equations for the cowling and pylon). Likewise, separate WERs were developed
for small and large and for commercial and military transports for cases
where a single WER was not applicable to all types of aircraft. For several
systems, alternative equations are provided. Thus, depending upon the
design information available and other factors esplained in Section 5, a
choice may be made regarding which ecuation to use.

The estimating relationships can be used for conceptual studies where
approximate weight estimates are required, but where limited design data
are available. These estimating relationships can also be used as the
basis for determining the weights required for making airframe cost esti-
mates using the cost estimating relationships discussed in Sectioms 2 and

4 of this report.

B. SUMMARY OF WEIGHT DATA

System weight data are given in Tables 3.3 and 3.4 for 19 commercial
and 7 military tramsports, respectively. These data, as well as more
detailed data, were used in the derivation of the WERs presented in Table ‘
3.1. Three recent study aircraft are included in order to provide a
broader, more comprehensive data base. These are the MDAT, SCAT-15, and
asTan.”

The sources for the data tabulated in Tables 3.3 and 3.4 are given in
Table 3.5 together with notation of any adjustments that were made to
ensure comparability for all aircraft.

c. APPLICATIONS OF THE WEIGHT ESTIMATING RELATIONSHIPS

Weight estimates have been made for the DC-10-10, C-141A and F-28 using
the equations in Table 3.1. As mentioned in Section 2B, these aircraft

were selected as examples because of their great diversity. The results

are presented together with the equations and variables used and the
actual weights in Tables 3.6, 3.7 and 3.8, respectively.

* The MDAT is the Medium Density Air Transport, SCAT is the Supersonic
Cruise Air Transport aad the AST(M) is the Advanced STOL Transport ]
(Medium) .
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When the total estimated weights were compared with the total. actual weights
it was found that the DC-10-10 and C-141A were under-estimasted by 2.9 and
4, 7 percent, respectively. The F-28 was over-estimated by 3.5 percent,
Note that in the case of the F-28, certain design data were not available
so that estimates could not be made for the nacelle, propulsion and instru-
ment systems and the actual total was adjusted to exclude them. However,
these systems are only 7 percent of the actual weight., The DC-10-10
estimated weights are significantly low for the tail because of the double
hinged rudder and the tail mounted engine. The estimated weights are low
for the nacelle because the pylons are extraordinarily heavy due to the use
of stiffening material to reduce nacelle flutter. For the C-141, the

furnishings and equipment were gignificantly underestimated. The WER for

furnishings and equipment on military aircraft does not include the weight

of a number of items such as troop seats, oxygen system and litters and
When the weight of these items is taken into account, the actual
Several significant differences
These

gupports.
and estimated weights show good agreement.
were noted in comparing estimated and actual weights for the F-28.

differences could not be explained, however, because adequate design informa-

tion was not available.
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SECTION 4
DETAILED SYSTEM COST ANALYSIS

The production cost estimating relationships (CERs) derived in this
study were presented in Table 2.1 of Section 2, 1In this section, the
basis for each CER is discussed in detail. CERs were derived for each
aircraft system or major comprnents of several of the systems. Each
system, or logical grouping of systems in several cases, is discussed in
turn. The system is first described in detail; these descriptions are in
accordance with Military Standard 1374 except as noted.* Then, the cost
data for the system is presented, and the derivation of the CER or CERs is
explained in detail. It ghould be noted that much of the cost data are

presented in general terms since they are considered proprietary by the air-

craft manufacturers or subcontractors. Finally, for each system, or system

grouping, emerging technology 1is discussed as appropriate.

All costs are given in constant 1975 dollars. Mcsc of the subcontrac-
tor data are recent and were assumed to be in 1975 dollars. However, the

historical data used, primarily that data documented in Reference 6, were

*
normalized by means of the factors in Table 4.1.* All costs are cumulative

average costs for 100 units unless otherwise indicated. A quantity scal-

Rk
ing factor or "learning curve" was used tc adjust to 100 units. For

structure, an 86.parcent learning curve was used based on C-5 and C-141 data.(G)

For instruments and avionics an 88 percent learning curve was used base on a

Rand Corporation study.‘g) For all other systems a 94 percent learning curve

was used based on C-5 and C-141 data.(6)

* For convenience, all system descriptions presented in this section are
summarized in Appendix C.

** Reference 6 normalized costs to 1973 dollars. For this report, these
costs were adjusted from 1973 dollars to 1975 dollars using factors of
1.249 for airframe and 1.131 for avionics. These factors are different
from those indicated in Table 4.1 since’ Reference 6 used projected escala-
tion rates which have been corrected in Table 4.1,

***These learning curvas are incorporated in the CER equations in Table 2.1.
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Table 4.1
ECONOMIC ESCALATION FACTORS*

Calendar Year Airframe Production Avionics Production**

1953 3.074 2,575 Lo
1954 3.055 2.559
1955 3.016 2.526 ' J
1956 2.854 2.390
1957 2.665 2,233
1958 2,573 2.155
1959 2.471 2.069
1960 2,377 1.994
1961 2.292 1.926 . )
1962 2,231 1.855
1963 2.163 1.796
1964 2.098 1.737
1965 2,003 _ 1.688
1966 1.900 1.624
1967 1.807 1.532

- 1968 1.709 1.441
1969 1.585 1.363
1970 1,483 1.295
1971 1.409 1.234
1972 1.309 1.176
1973 1.202 1.123
1974 1.093 1.062
1975 1.000 1.000

* The factors apply to the mid-year.
**Also used for instruments. |

Sources: 1953 to 1957: DoD Price Indicies, Revised 22 Nov. 71, OSD (PA&E).

1958 to 1971: Historical and Forecasted Aeronautical Cost Indicies,
USAF/ASD Cost Report #110, January 1973.

1972 to 1975: Aeronautical Economic Escalation Indicies, USAF/ASD
Cost Report #110B, July 1975.
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A. WING, TAIL AND BODY SYSTEMS

Pty feme g F

The wing, tail and body structural aystems are considered together
for they have similar designs and use similar materials and methods of
fabrication. Although the wing, tail and body account for about 40 per-

T cent of the total cost of a transport aircraft, a relatively small effort
e was devoted to the analysis of their costs because previous research had
e been conducted in this area. Furthermore, the principal objective of

,. this study was to develop CERs for the non-structural systems. Some new

data were obtained for the wing, tail and body and were compared with the
previous research. Then, CERs were developed that were compatible with

ry

those derived for the other systems.

‘e Systems Descriptions

The wing system consists of the wing box structure, leading and
trailing edge structure and leading and trailing edge control surfaces. ,
Actuation for the control surfaces is accounted for in the flight con- S
e trols system. The wing carry through structure is included with the
wing system. Systems such as the fuel system, hydraulic system and anti-
ice system are included with their respective functional systems. For
wing mounted landing gear designs, the wing bulkhead, trunnion attach ]
fitting and auxiliary spar structure required to distribute landing gear

loads in the wing and to transfer these loads to the fuselage are included
with the alighting gear system. All wing attach bulkheads located in :
the fuselage are included in the body system. ‘

The tail system or empennage is defined similar to that of the wing.
The horizontal tail includes all carry through structure, but the ver- |
ti~al tail usually terminates at the fuselage loft line (top of fuselage).

Fairings fillets and the fin are included with the tail system.

- The body system consists of fuselage shell structure, door and win-
o2 dow frames, doors, windows, floors, bulkheads, cockpit windshield,

1' radome and tailcone. Door actuation mechanisms and airstairs are also

TR




included with the body system. For the C-5A and AST(M), the body system
includes the cargo loading system since it is built in integral with the
floor structure, Sidewall insulation and paneling as wall as cockpit
instrument panels and consoles are considered part of the furnishings
and equipment system,

Systems Costs

Subcontractor cost information was available for several military

(6)

transports. Because this information is considered proprietary to
the.contractors, it can be discussed only in general terms. Reasonably
complete wing subcontractor cost data were available only for the C-141
and C-5 and ranged from $39 to 43 per pound for wing weights of 34,000
and 82,000 pounds. For each of these two aircraft, several subcontractors
provided wing parts amounting to 88 and 95 percent of the total wing
weight. The same cost per pound was assumed to apply to the balance of
the wing parts for which no cost data were available. Tail subcontracior
cost data were obtained for the C-5, C-141, KC-135 and C-130 and ranged
from $60 to 89 per pound for tail weights of 3,000 to 12,000 pounds.

For each of these four aircraft, a single subcontractor supplied essen-
tially the entire tail system. The only subcontractor data for the body
was a cost of $8l1 per pound for one section of the KC-135 body which

represented 27 percent of the total body weight.

In order to arrive at a total system level cost, the wing and body
subcontractor costs were adjusted by an approximate factor of 1.33 as
discussed in Section 2C. In the case of the tail, the subcontractor cost
included system level assembly, hence a factor of 1.21 was applied to

those costs.

When these adjusted subcontractor cost data are plotted as a function
of weight, a reduction in cost per pound is observed as weight increases.
For example, the wing and tail subcontractor data for the C-141 and C-5
show a reduction in cost per pound as weight increases which can be

stated as follows: as weight is double? the cost per pound is reduced

e
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to 93 percent for the wing and 92 percent for the tail.* This reduction

of structural cost per pound with increased weight, which ﬁill be referred

to as "weight scaling'" for convenience, is commonly experienced by air- ,
craft manufacturers. In discussions with threc aircraft manufacturers, } ‘
two indicated that an 80 percent slope (as weilght is doubled the cost

is reduced to 80 percent) reflected their experience and the third

indicated that a 90 percent slope was typical. Although the wing and

tail subcontractor data for the C-141 and C-5 discussed above indicate

92 and 93 percent slopes, these data are probably not typical since

expensive methods were used for saving weight in the C-5 (e.g., chemical

milling) which resulted in unusually high costs per pound for the C-5

wing and tail. Also, wide body transports such as the C-5 may exhibit

diseconomies of scale (e.g., increased difficulty in handling parts).

Based on the discussions with the aircraft manufacturers, a weight

scaling slope of 85 percent is assumed in this study for the wing, tail "
and body. .

The cost estimating relationships for the wing and tail shown in
Figure 4.1 are based on the subcontractor data and an 85 percent weight
scaling slope. The actual subcontractor data is not shown in Figure 4.1
because they are considered proprietary. The CER for the body is dis-
cussed later.

The results from a General Dynamics study were used to provide

additional information on wing, tail and body costs.(4)

The cost estimat-
ing relationships developed by General Dynamics were for first unit

costs in 1970 dollars. To make these data comparabtiec with the adjusted
subcontractor costs discussed above, they were adjusted to cumulative
average cost per pound for 100 units (CACIOO) and 1975 dollars. Costs

for sustaining engineering, sustaining tooling, and profit were also

* This reduction in cost with increased weight can be interpreted in the
same manner as a learning curve, which shows a reduction in cost with
increased quantity.
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added. A learning curve slope of 86 percent was indicated by the C~141 and
C-5 data and was applied.(6) The economic escalation factors from Table 4.1
were used to adjust the data to 1975 dollars. The adjusted General Dynamics
estimating relationships for the wing and tail differ by from 0 to 23 per-
cent from the CERs shown in Figure 4.1, It is not clear how comparable the
General Dynamics costs are to the subcontract costs collected nor is it
certain that the learning curve slope of 86 percent used to adjust from
first unit cost to CACIOO is appropriate for the General Dynamics data.

Even a small change in the learning curve slope would introduce a large
change in the CACloo. For example, a one percent change in slope introduces
an eight percent change in CAcloo. Given these uncertainties, the General
Dynamics estimating relationships for wing and tail show good agreement with
those developed from the subcontract data.

Since the single subcontractor data point for the body was of limited
value, the ratio between the General Dynamics cost estimating relationships
for body and wing (1.19) was applied to the wing CER to provide an approxi-
mate CER for the body.

*
Confidence values for the wing, tail, and body of 8.0, 9.0, and 7.0,
respectively, were assigned.

Emerging Technologies

Engineering studies and development programs have demonstrated that
substantial weight savings can be realized through the use of composite
materials. Until experience is gained with the manufacturer of aircraft
structures utilizing composite materials, the effect of composite materials
on the cost of aircraft structures is uncertain. However, some estimates

made for the substitution of composite materials in several places on the
F-16 and B-1 indicate that both weight and cost may typically be reduced
in about the same proportions.(lo) Thus, the total cost would be reduced
but the cost per pound would be about the same as for current structures.

* See discussion in Section 2C.
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B. ALIGHTING GEAR SYSTEM A

System Description

The alighting gear system consists of all items associated with main
and nose gears. This inciudes landing gear structure which is made up
of struts, side and drag braces, bogie beams and/or axles, trunnions,
attachment fittings and wing attachment bulkheads, and extra load~path
material in the wing for wing mounted gears. The alighting gear controls
comprise the components for such functions as retractionm, braking and
steering. The controls also include cables, wires, or lines from the
cockpit controls to the landing gear. In additionm, the alighting gear

gsystem includes the rolling items of wheels, brakes and tires.

System Cost

Alighting gear cost information may be conveniently grouped into
four distinct categories: structure, controls, wheels and brakes, and
tires. Detailed subcontractor and vendor cost information was available

" for the C-5, C-141, KC-135 and c-130.(6) Subcontractor cost information

was also obtained for the structure for the DC-10, 727, and 747. Alight-
ing gear controls cost data were obtained from several sources. Because
all of the cost information is considered proprietary, it can be discussed

only in general terms.

The principal alighting gear subcontractors supply items which com-
prise approximately 84 percent of total alighting gear structural weight
for each of the four military transport aircraft. It appears that these
subcontractors also supply about the same percentage of the total alight-
ing gear structure for commercial aircraft. As in the case of the wing
and tail, the same cost per pound was assumed to apply té the balance of
the alighting gear structural components for which no cost data were
available. Alighting gear structural costs ranged from $76 to 31 per
pound for weights of 1;400 to 20,000 pounds.

N R T
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Alighting gear controls cost per pound figures are shown in Table
4.2. They are based on the flight controls system component costs dig~
cussed in Section 4E as they are similar in design and construction.

The average cost per pound is $78. This value does not appear to vary
with the total weight of the controls.

Cost data for the wheels and brakes were obtained for the C-5, C-141
and KC~135. The C=5 components were unusually expensive. This was
probably due in large part to the use of beryllium brakes which save
weight but increase unit costs. The C-5 data, therefore, were not
considered. For the other two aircraft, wheel and brake costs ranged
from $10 to 14 per pound for welghts from 2,100 to 2,600 pounds.

Tires are a negligible portion of the total alighting gear system
cost. For example, the C-141 tires total $2,600 per aircraft or $2.10

per pound. For the C-130, the tires are $1,300 per aircraft or $1.50
per pound.

In order to arrive at a total system level cost, the costs disg-
cugssed above, except for tires, were adjusted by an approximate factor
of 1.33 as discussed in Section 2C. Tires were adjusted by a factor of
1.10 to account for profit since other factors related to system assembly
do not apply. These adjusted cost data were used to develop the cost
estimating relationships shown in Figure 4.2 for the four major cor

ponents of the alighting gear -- structure, controls, wheels ar .e8,
and tires.

Oniy in the case of the alighting gear structure did there appear
to be a reduction in cost per pound with increased weight. An 85 per-

cent slope, which was discussed in Section 4A, was consistent with the

data for alighting gear structures of less than 10,000 pounds (i.e.,
small and medium size transports) and was used. For structure weights
greater than 10,000 pounds (i.e., large transports), the data indicated
that cost per pound leveled off with increased weight,

4=9
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Table 4.2

ALIGHTING GEAR CONTROL SYSTEM COST

Major Component
or Subassembly

Anti-Skid
Actuators
Hydraulic Plumbing

Fluid

Support, Attach, etc.

Total Alighting Gear
Controls*

*The total cost per pound is a weighted average based on the percent of total

Component
Percent of

Total Control Weight

112
19
24

8

_38

100%

Confidence

Cost per Pound Value
$175-200 5
175-200 6
5- 20 5
0.68 8

25- 75 3

$ 63-93 5.0

(avg. $78/1b.)

control weight. The total (overall) confidence value is a weighted average
See Section 2C for further

based on the percent of the total control cost.

explanation.

4-10
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Confidence values for the alighting gear structure, wheels and brakes,
and tires of 8.0, 8,0, and 9.5, resapectively, were assigned. The con-
fidence value for the controls is 5.0 as shown in Table 4.2..

4-12
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G, NACELLE SYSTFM .

System Description

The nacelle aystem Jncludes the ecowl structure, the pylon strucourc
and the sound suppression ringe and supports. 1In general, the cowl
represents the structure f-om the inlet to the engine rear face axcluding
the thrust reverser structure. The exhaust duct, aft cowling and thrust
reverser structure aft of the engine rear face 18 incluced with rhe
propulsion system. The fan thrust reverser including inner and outer
ducting &nd core cowl over the length of the fan thrust reverser is also
included with the propulsion system.

The pylon includes the apron, engine mounts and wing or fuselage
attach fittings. Wing or fuselage ettach bulkheads are included with

their respective functional systems.

The sound suppression components include the rings and support
struts. Any sound suppression treatment to the cowl inside walls is
included with che cowl., Any inner skin and ducting for ice protection
in the sound suppression rings and nacelle inlet 1ip are included with
the anti-icing system.

System Cost

Subcontractor cost information was available for the C-5, C-141,
KC~135 and C-130 from government data.(ﬁ) The same subcontractor pro-
duced the nacelles for all four aircraft. It shoull be noted that
(except for the C-5) the subcontracted nacelle weight is about 30 percent
greater than the total nacelle system weight. This additional weight
includes engine accessories which were accounted for primarily in the
propulsion system weight, but were a part of the subcontractor supplied
nacelles. These engine accessories may include the starter and lubrica-
tion systems, fuel system tubing, hydraulic tubing, and anti-icing ducting.
The specific engine accessories included vary for different contracts.

when the nacelle costs included subcontractor supplied engine accessories,

4-13
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they were adjusted to remove the cost of those engine accessories by using

the cost estimating relationships discussed in Section 4D. The C=5 was

not coneidered further because it was abnormally expensive due to exfen- i
sive use of titanium, The C-130 was also excluded because its nacelle

is for a turboprop rather than pure iet engine. The C~141 and KC-135

cost per pound ranged from $88 to 105 per pound for weights of 2,500

to 5,600 pounds. These data were used to develop a cost estimating

relationship for nacelles with no acoustic treatment.and low bypass fan
ratio engines.

i — e e

Additional cost information was provided in a Douglas Aircraft Com-
pany report(ll) which contained Allison Corporation data on quiet _
nacelles for high fan bypass ratio engines. These nacelle costs ranged ’

from $154 to 115 per pound for weights of 5,000 to 10,000 pounds.

In order to determine a total system level cost, the subcontractor :
costs were adjusted by a factor of 1.21 as discussed in Section 2C. A ?

factor was not included to account for assembly of engine components

into the total nacelle system because the nacelle cost data already
included "engine build-up."

= The adjusted cost data were used to develop the two cost ectimating
. relationships shown in Figure 4.3. An 85 percent slope for reduction in
E; cost per pound with increased weight was assumed. This is the same slope

:;. used for the wing, tail and body structure. A confidence value of 6.0
was assigned for the nacelle.

A Attt Bt B e Ml

Emerging Technologies

The use of composite materials in nacelles has been studied by
Douglas Aircraft COrporation.(lz) The substitution of advanced compos-
ites in the DC-10-30 nacelle (including thrust reverser) was estimated
to save about 12 percent in weight and 12 percent in cost. Thus, the

e — e -h-.t_‘ —— s A 3

total cost would be reduced but the cost per pound would be unchanged.
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D. PROPULSION SYSTEM (LESS ENGINE)

System Description

The propulsion system includes the engines (which are not considered
in this study), the fan exhaust thrust reverser system, the engine exhaust
thrust reverser/spoiler system, the engine sysicem and fuel system. The
fan exhaust thrust reverser system includes the translating structure, !
cascades, blocker doors, fan exhaust ducting located with the translating
structure, and the actuation system and controls. The engine exhaust thrust
reverser/spoiler system includes all of the structure and systems located
aft of the engine turbine exhaust flange which include the thrust reverser,
% tailpipe and bullet. The engine systems include components for cooling
lubrication, ignition, throttle, and starting as well as the water injection
system and cockpit controls. The fuel system includes the fuel fill and
drain system, fuel distribution system, fuel vent plumbing, fuel dump

system, integral wing tank sealant, and supplemental fuel tanks.

System Cost !

Propulsion system cost information is conveniently grouped intz the
following categories: thrust reverser (including exhaust system), engine @

system and fuel system. ;

Subcontractor cost information was available for the C-5 and C-141

(6)

thrust reverser and exhaust system. In addition, some approximate cost

information was available for the DC-10 thrust reverser and exhaust system
(12)

from a Douglas Aircraft Company study. These costs ranged from $108 to
149 per pound for weights of 3,200 to 6,300 pounds and were significantly
influenced by whether or not a fan type thrust reverser was used and

whether or not acoustic treatment was used.

Engine system costs were estimated based on the breakout shown in
Table 4.3. The percentages of the engine system weight are based on the
DCc-8, DC-10, C-141, and C-5 weight data. Although the component percentages vary

considerably among the different aircraft, the error introduced into the total
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engine system cost is not more than % 10 percent. The cost per pound values
provided in Table 4.3 were estimated in the following manner. The starters
for the C-130 and C-~141 cost about $150 per pound. Miscellaneous wiring
and ducts were estimated to cost $25 and 75 per pound as discussed in
Section 4H., Most of the weighﬁ in the throttle and ignition systems is

in the mechanical cockpit throttle contiols and linkages to the engines.
The cost of $60 to 80 per pound for mechanical controls which is discussed
in Section 4E was, therefore, used. The engine cooling and lube systems
include ducts, plumbing, valves and other mechanical components which

were very approximately estimated to cost between $50 and 100 per pound
based on similar types of components which are discussed later for other
aircraft systems. The average cost per pound for the engine systems is

$87 as shown in Table 4.3,

Fuel system costs were estimated based on the breakout shown in Table
4.4, The percentages of the fuel system weight are based on DC-8, L-1011,
C-141 and C-5 data. The cost per pound estimates are based on similar
types of components used in the hydraulic system as discussed in Section
4F. The average cost per pound for the fuel system is $31.

In order to arrive at a total propulsion system cost, the thrust reverser
and engine system costs were adjusted by an approximate factor of 1.21 as
discussed in Section 2C. A factor to account for assembly of components
into the total propulsion system was unnecessary because the nacelle
system cost estimating relationships account for "engine build-up" inclu-
ding the thrust reverser and engine system integration with the nacelle.
However, the fuel system cost was adjusted by a factor of 1.33 because
most of the components are located outside the nacelle and require

extensive integration.

The cost estimating relationships are shown in Figure 4.4. The three
separate cost estimating relationships for the thrust reverser represent
different types of thrust reversers. An 85 percent slope for reduction

in cost per pound was assumed based on the slope used for the nacelle.
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A confidence value of 6.0 was assigned for the thrust reverser.
fidence values for the engine system and fuel system were estimated at
5.5, and 4.1, respectively, as shown in Tables 4.3 and 4.4.

4-21

Con-

-——

TS e e R

L ———E . na ekl . > St



e

- b s

E. FLIGHT CONTROLS SYSTEM

System Description

The flight controls system includes the following components: cock=-
pit controls, mechanical controls, hydraulic controls (actuators, control
valves, plumbinﬁ and fluidj, control surface dampers, electrical controls
(except the integrated flight guidance and controls), and miscellaneous
supports, fairleads, rub strips, and attachments. Military Standard 1374
also includes the autopilot in the flight control system. But, in some
of the recent tramsport aircraft, it is difficult to separate the auto-
pilot system from the flight guidance and control system because of the
interdependency among components. Therefore, in this study the autopilot
system is included with the integrated flight guidance and control system
which is part of the avionics system.

Flight control functinns may be broken into two groups: those per-
formed by the primary flight controls and those performed by the secondary
flight cuntrols. Primary flight controls consist essentially of controls
for the horizontal stabilizer, rudder, ailerons and spoilers. These
provide pitch, roll and yaw control about all three axes. The secondary
flight control system provides for symmetrical operation of wing leading
edge slats and trailing edge flaps. This action provides 1ift augmentation
for aircraft takeoff and landing.

Flight controls are typically powered by one or a combination of
three sources; the hydraulic system, the pneumatic system or by separate
motor servos. Other types of power are used occisionally, including
electricity (electromechanical controls) and the use of fuel as the hydraulic
medium when it is already at the required pressure (fueldraulic controls).
The type of flight controls that are used for a particular application
depends largely on the type of power that is most readily available.
Although any type of coatrol can accomplish any given function, each
offers certain unique characteristics. For example, mechanical flight
controls are lighter and less expensive and offer automatic synchronization.

Because they require relatively little space and are attached to the
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control surface at several points, nechanical flight controla permit a
thiner and lighter structure. neunatic flight controls require a larger

volume within the 8tructure becguse of the large duct sizes of the distri-
bution system.

Actuators are the key componeﬁca in the flight controls system from
both a cost and functional standpoint, They provide the link between
the pilot's controls and the aerodynauic surfaces that must move to control
the flight of the aircraft. The texm actuator as used in thig report
includes associated components auch as control values in the case of
hydraulic actuators (also known a8 servo mechanisms or servo actuators)
and gears and motors in the case nf mechanical actuators.

System Cost

The fcllowing categories of major components and subassemblies are
used in this study for the flight controls system: hydraulic actuators,
mechanical actuators, mechanical controls, electrical controls, cockpit
controls, plumbing, fluid , supports and miscellaneous. Detailed cost
information has been aggregated into thege categories to develop cost
estimating relationship for the flight controls system.

Cost information for some £14ght control actuators for two recent
aircraft is shown in Table 4.5. The cost of subcontractor supplied flight
control actuators varies from aboyt $70 to 200 Per pound on the 747.
However, when 747 actuators are grouped by power source, a much narrower
range of about $175 to 200 per pound ia indicated for hydraulic actuators,
a cost of $122 per pound is indicated for the pPneumatic actuators and a
cost of about $70 per pound 18 indicated for actuators which are primarily.
mechanical. The high cost of $400 per pound for L-1011 leading edge
actuation is the result of the new, lightweight technology that enabled
total leading edge flight control systeu weight to be reduced significantly,

Its 648 pounds compares to 1,184 pounds for 747 and 1,274 pounds for
DC-10-10 leading edge actuation,

4~23
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Table 4.5

COSTS AND WETIGHTS OF RECENT FLIGHT CONTROL ACTUATORS

Cost
Actuator. Type Cost Weight (1b) per Pound
47
Aileron (hydraulic actuators $ 46,000 263 $175
and control valves)
Elevator (hydraulic actuators 95,000 483 197
and control valves)
Rudder (hydraulic actuators . 33,000 186 177
and control valves)
Leading Edge (drive shaft, rotary 126,000 - 1,029 122
actuator, ball screw actuator and
transmission, pneumatic drive unit)
Trailing Edge (drive shaft, gearbox, 100,000 1,478 68
transmission, brakes, drive motor,
ball screw actuators, hydraulic
control valves)
Spoiler Speed brake (hydraulic 61,000 312 196
actuators and coatrol valves)
Horizontal Stabilizer (actuator 37,000 516 72
assembly, motor, gearbox, brakes,
hydraulic controls)
1-1011 N
Leading Fdge (hydromechanical 100,000 249 402

actuator, control valve)
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M:chanilcal controls are the shafting and linkages that connect the
actuators with the movable surfaces, It was asaumed that the cost of
these would he similar to that of mechanical actuators indicated on Table
4.5 (about $70 per pound) as they are made of expenaive metals and mnchined

to close tolerances.

The electrical controls monitor the positions and operations of the
£light coatrols and signal the f£light crew regarding any malfunctions.
Their cost is assumed to be $560 per pound as they are similar to the cost
of instruments and avionics which is discussed in Section 4J.

Cockpit cecatrols include items such as control column levers, wheels,
and peddles for the flight crew. A cost of $40 to 60 per pound was
assumed to be appropriate for this type of equipment. Although no specific
data were available, these were believed to be less complex and, therefore,
less expensive than mechanical actuators which were estimated to cost about
$70 per pound. Further, this equipment comprises only about four percent
of the total flight control system weight and the overall cost estimating
relationship is, therefore, only very slightly influenced by this component,

The plumbing, hydraulic fluid and supports and miscellaneous equip-
ment costs are based on data presented in Section 4F.

The cost information for each major component or subassembly discussed
above is summarized in Table 4.6 together with its percentage of system
weight and confidence value. The system weight percentages are averages
for five aircraft (DC-9-30, DC-10-10, L-1011, 747 and C-141A). Since the
weight percentages did not vary discernably by size or type of aircraft,
separate calculations were not made for small, medium and wide body
commercial aircraft and military transport aircraft. The average cost per
pcund for the total flight control system is $102. The relatively low
overall confidence (6.2) associated with the total flight control system
cost is due largely to the fact that, while excellent data were collected
on actuators and hydraulic fluid, adequate data were not available for most

of the other components.
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Table 4,6

FLIGHT CONTROLS SYSTEM COST

Major Compornent Component Percent Coat per Confidence
or Subassembly of Total Syatem Weight Pound Value
Hydraulic Actuators 16% $175-200 9.5
Mechanical Actuators 25 70 7.5
Mechanical Controls 29 70 5
Electrical Controls 4 560 4
Cockpit Controls 4 40- 60 2
Plumbing 6 5- 20 5
Fluid 3 0.68 8
Supports and Miscellaneous 13 25- 75 3
Total Flight Controls System* 100% $ 91-113 6.9

(avg. $102/1b)

*Weighted average. See footnote to Table 4.2.
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The cost information presented in Tahle 4.6 represents subcontractor
coats only. 1In arder to determine a total sysiem lcvel cost, this cost
was adjusted by an approximate factor of 1.33 as discussed in Section 2C,
The adjusted cost data werc used to develop the cost estimating relation-

ship shown in Figure 4.5,

Emerpging Technologice

Power-by-wire is an application of fly-by-wire technology to the
flight controls system which could significantly change both the design
and cost of future flight control systems. In power by wire, a discrete
electronic signal is transmitted by wire to servo pumps and reservoirs
which are colocated with the hydraulic actuators at the surface to be
actuated. This design was initiated for fighter aircraft because wire may
be made redundant more easily than plumbing and, therefore, offers greater
survivability. A major problem associated wiih power-by-wire is that it
concentrates greater loads at the surface actuators and, thereby, adversely
effecting structural design. To accomplish power-by-wire, an improved
electrical distribution system which includes remote load control and multi-
plexing would be required. The implication of this concept for the
electrical system ic discussed in more depth in Section 4G. The Air Force
has funded two power-bv-wire study efforts. However, no applications of

power-by-wire are contemplated in the near future.
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F. HYDRAULIC SYSTEM

System Description

The hydraulic system provides power to operate the alighting gears

and the hydraulic flight control components. This system is required to

meet peak system demands during the most critical flight and landing condi-

e
o ,'

tions. Because of the criticality of its function, it is generally redundant.
For example, the L-1011 has four separate, parallel, continuously operating

o hydraulic systems such that it can complete its flight plan with two
. inoperative systems and can maintain control and land safely with three § A
n inoperative systems. , o

\

Engine driven hydraulic pumps are the primary power source for hydraulic

- systems. These are occasionally supplemented by a pump connected to an air
: turbine motor for emergency or peak power requirements. Electric motor-
; driven pumps powered by the auxiliary power unit provide power for low flow
. ground checkout and preflight pressurization. Power transfer units are o
E i_ one-way motor-driven pumps which provide the capability of generating fluid |
pressure in one system through pumps driven by hydraulic motors powered by
{ g; another source. In addition to pumps, the hydraulic system includes
= reservoirs, ‘accumulators, filters, valves, controls and plumbing.
; l; The hydraulic system has remained technologically stable ovér the last
g several years as hydraulic operating pressures for transport aircraft have
" 1; stayed the same.. This has resulted in the frequent use of standard, off-the- ;
ghelf components. Recent military fighters and bombers have used higher press-
f 1; ure systems which imply weight advantages but appear to be less reliable.
One reason that transport aircraft hydraulic systems have remained tehnologic-
3? ally stable is that commercial interests are unwilling to pay for designing,
- developing and testing new hydraulic system components such as pumps. Thus,
T military aircraft hydraulic systems seem to be more technologically advanced
; - because the government has underwritten this research.

System Cost

The following categories of major components and subassemblies have
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" been used in this study for the hydraulic system: hydraulic pumps; reser-
voirs and accumulators; filters, regulators, valvas and manifolds;
pluhbing and supports; hydraulic fluid; and miscellaneous material. The
detailed cost information has been aggregated into these categories to
develop the cost estimating relaticnshlp for the hydraulic system.

i Some recent costs of representative hydraulic system components are

provided in Table 4.7. Hydraulic pumps vary in cost between $1,200 and

' 2,500 and their unit weights vary between about 19 and 36 pounds. Thus,

i a cost of $65 to 75 per pound is indicated. The cost of hydraulic pumps
has become a significant concern to aircraft manufacturers. In fact,

b b

o —

some procurement contracts for hydraulic pumps have recently been awarded
vo low bidders even though their product was heavier than that of their
higher priced competition. Previously, contracts were almost always
awarded to the bidder with the lighcest weight pump.

-e

! Based on limited information, reservoirs and accumulators cost be-

tween $19 and 23 per pound.

{ There was no cost information available for filters, regulators,

valves, and manifolds. They were assumed to have an average cost about 1.
midway between the cost of pumps and the cost of reservoirs and accumu-

lators. Thus, by averaging the lower and upper bounds of the costs for - ]

those items, a cost of $40 to 50 per pcund was obtained.

&

N B

An approximate cost of $5 per pound for hydraulic plumbing and supports
was indicated by a parts supplier. However, use of stainless steel would
increase this cost by three to fourfold. Thus, a cost between $5 and

20 per pound was used.

Hydraulic fluid costs about $300 for a 55 gallon barrel. This 18
$5.45 per gallun or, based on a weight of 8 pounds per gallon, $0.68 per

pound.
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Table 4.7

REPRESENTATIVE COSTS OF HYDRAULIC SYSTEM COMPONENTS

Item Description

Engine-Driven Hydraulic
Pump (15HP)

Engine-Driven Hydraulic
Pomp (45HP)

Reservoirs

Accumulators

Plumbing (per pound)

Fluid (55 gallon drum)

Approximate

Unit Price

$1,200-1,500

500-1,000

200
5-20

300

4-31

Comments

For small aircraft
such as F-5.

For most transport
aircraft. Typical
cost is about $2,000.

High cost is for stain-
less steel.
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Miscellaneous material (including controls, wiring, and switches) was
agsumed to cost from $25 to 75 per pound. This cost range is used in
several places in this report for miscellaneous items'such as wiring,
ducting and brackets. The basis for the cost range is some data on wiring
and pneumatic ducting which indicates a cost per pound of about $50.
Because this cost is uncertain and may not be representative of the cost
of other niscellaneous items, a cost range of plus or minus fifty percent

was used.

The cost information for each major component or subassembly discussed
above is summarized in Table 4.8 together with its percentage of system
weight and confidence value. Based on an analysis of hydraulic system
component weights for the DC-9, DC-10, L-1011, 747 and C-141A, it was
determined that they varied only slightly as a percent of the system weight.
The average cost per pound for the total hydraulic system is $27 which
represents subcontractor costs only. In order to determine a total system
level cost, the $27 per pound was aljusted by an approximate factor of
1.33 as discussed in Section 2C. The adjusted data were used to develop
the cost estimating relationship shown in Figure 4.6.

Installation for the hydraulic detem is be. i.ved to be very expensive
given the many feet of plumbing required and may Le analogous to the con-
ventional plumber's bill which typically includes a relatively small amount
for materials and a large amrunt for labor. As noted in Section 2C, however,
the assembly and installation factor used is believed appropriate for the
entire sircraft and has nct been adjusted by aircraft system. It is
expected, however, that installation for the hydraulic system would be
significantly greater than the average. A confidence value of 6.3 was
calculated for the hydraulic system CiR. '
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Table 4.8

HYDRAULIC SYSTEM COST

Major Component
or Subassembly

Hydraulic Pumps
Reservoirs and Accumulatois

Filters, Regulators, Valves,
and Manifolds

Plumbing and Supports

Hydrau: ic Fluid

*
Miscellaneous Material

ok
Total Hydiraulic System

Component Percent of
Total System Weight

172
8
5

36
22
12

100%

* Includes controls, wiring, and switches.
#ajeighted Average. See footnote to Table 4.2.

H=33
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Cost per Confidence
Pound Value
$65-75 9
19-23 7
40-50 3
5-20 5
0.68 8
25-175 3
$20-33 6.3

(avg. $27/1b)
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G. ELECTRICAL SYSTEM

System Description

The electrical system supplies power to a veriety of operating com-
ponents on an aircraft including, among others: lights, avionics, instru-
ments, passenger and cargo doors, galleys, environmental control system,
fire extinguishers, landing gear controls and auxilliary power unit (APV)
starting,

The electrical system consists of the AC power system, ﬁc power system
and lighting system., The AC and DC power systems include power generating
equipment (i.e., constant speed drives, generators and batteriecs) and the
necessary controls, wiring, cables, fittings and supports to distribute
the electrical power from the power source to the electrical power center.
The AC and DC power systems also include the structure and circuitry of
the electrical power center. Circuitry from the power center to the various
components using electricity are included with their respective functions.

The lighting system includes all.interior and exterior lights with
their supports and associated circuitry. For commercial aircraft, the
interior lighting system includes the individual passenger reading lights.

The constant speed drive (CSD) provides the crucial link between the
engine gearbox and the generator as it converts variable engine speeds to
& co..-.ant output speed so as to drive the generator at a constant frequency.
The original CSD, a hydraulic differential CSD introduced in the 1940's,
had very limited endurance (a maximum o€ about 1,000 flying hours before
overhaul) and was, therefore, not practical for commercial use. The )

axial gear differential (AGD) CSD was developed to provide greater relia-

bility, longer life, lower operating costs ani lighter weight. The AGD

has now been applied to virtually all transport aircraft. The newest CSD
development to be inatalled on a transport is the integrated drive generator
(IDG) which 18 used on the L-1011 as well as several fighters and bombers.
It combines an AGD with an advanced design spray oi} cooled generator in

a common housing and thereby reduces the combined weight by about 35 to
40 percent.
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The generator converts mechanical energy from the engine gearbox and
CSD to electrical energy. Like CSDs, many technological advances have
been incorporated into generators. They have evolved from air cooled, to
oil cooled, to spray oil cooled. Current spray oil cooled generators weigh
about half as much as the lightest generators available in 1965 and
reliability has been increased by as much as a factor of ten. As uoted
above, spray oil cocled generators are an integral part of the new IDGs.

A generator control unit is required for each generator to operate
independently. It contains the generator voltage regulator, protection
circuits and logic circuits. In normal parallel operation the load is
ghared by all generators. If one or more generators fails, all AC buses
are supplied by the remaining generators to the limit of their capacity.
The buses then collect and distribute electric power. A bus protection
panel includes control and protection when external power sources are
used so that aircraft systems cannot be subjected to improper frequency or
phasing voltage. Current transformers are used both individually and
collectively to sense system currents. The eclectrical load control unit
18 similar to a circuit breaker in function as it automatically interrupts
electric current under an abnormal condition and protects distribution wire.
Transformer rectifiers supply power to a DC bus and are the key compomnents
in changing AC supply into controlled DC output. The static inverter and
the battery furnish flight eritical AC and DC power for instruments, naviga-
tion and selected lighting when power is not available from other sources.
The battery functions to start the APU as well as providing standby and
emergency power. Battery charge is maintained by a charger energized by
the AC systen.

Adrcraft 1ighting is provided in four general areas! exterior,
crew station, cabin and cargo compartment. Exterior lighting requirements

are defined by the cognizant government agency/specification: the FAA for
commercial aircraft and Military Specification 6503H for military aircraft.,
Because specifications are changed with rela*.ve frequency, exterior

lighting retrofits are common. Aircraft performance and a profile have a
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major impact on cost of many exterior lights. For example, four lights may
be required to do the work of one or two when aircraft performance require-
ments severely limit the potential location and protrusion of lights
necessary to meet functional requirements. This problem does not usually
exist for large, subsonic transport aircraft. Like exterlor lights, the
design and cost of crew station and interior cargo compartment lights are
also dictated primarily by the funection they must perform.

The design and, thereby, the cost of passenger cabin lighting is
driven largely by aesthetic considg;ations rather than by function alone.
Since there is no clear right or wrong way to 1lluminate a cabin, the cost
for lighting comparable aircraft can vary by as much as 30 to 40 percent,

System Costs

The following categories of major components and subassemblies have
been used in this study for the electrical system: AC power generation;
AC power conversioun; AC power distribution; DC power; interior and exterior
lights. Detail cost information has been aggregated into these categories
to develop the cost estimating relationships for the electrical systems.

AC power generation equipment represents a significant expense as one
set per engine is required and an additional set 1is occasionally fitted to
the APU. Approximate cost information for recent AC power generation
equipment is provided in Table 4.9, The CSD unit cost indicated is felt to
be typical, although it can vary from $15,000 to 30,000 for transport air-
craft. CSDs employ off-the-ghelf technology to the extent poséible. This
is 1llustrated by the fact that CSDs attached to JT8D engines (on the DC-8,
DC-9, 727 and 737, for example) are about 95 ﬁercent common. There are no
significant differences between CSDs installed on military transports and
those on commercial aircraft,

The cost of generators has increased from about $1,200 to 1,400 in 1955
to about $3,000 to 3,500 today. This price increase is about equal to the
inflation rate, however, manufacturing and design technology improvements
have actually offset inflation to such a large extent that more than half
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Table 4.9
REPRESENTATIVE COSTS FOR
TRANSPORT AIRCRAFT ELECTRICAL SYSTEM COMPONENTS

Approximate *
Description Quantity Required Unit Cost Total Cost
AC Power Generation
ACD Constant Speed Drive 1 per engine $ 24,000 § 96,000
Generator 1 per CSD 3,000-3,500 12,000- 14,000
Quick Attach Detach ;
Kit (QAD) and Plumbing 1 per CSD 500- 700 2,000- 2,800 r ¢
Heat Exchanger to Cool - i
CSD 011 1 per CSD 300- 500 1,200- 2,020 9
AC Power Conversion . \
Static Inverter 2 or 3 per
aircraft 3,000-4,500 6,000-. 13,500
"AC Power Distribution . - 3
Generator Control Box 1 per generator 2,000-3,000 8,000- 12,000 :
Contactor" 2-4 per channel 500 4,000~ 8,000 ’
Bus Protection Panel 1 per aircraft 1,200 1,200
Relays and Circuit 1,000 per air- 50-300 75,000-200,000 e
Breakers craft
*x Rk k
Current Transformer 5 per channel 75 for single 1,500- 5,000
150-400 for
package
Electrical Load Control
Unit** 1 per CSD 800-1,200 3,200~ 4,800 .
Wiring-Installed (600-1,200 - 30,000~ 50,000
pounds)
. DC Power Szetem
Battery 2 per aircraft 1,000 2,000
Transformer/Rectifier 1 per channel 750 3,000
* ]
Total Cost $241,900-409, 300
* Assumes four channels per aircraft. Does not include lighting - see Table 4.10. ) 1
** Current transformers and load controllers may be used interchangably. 1If . 1
a load controller 1s used, only two contactors are required per channel, 1
***In addition to 3 included in generator and part of generator cost. .
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of the price increase may bhe attributed to the greater use of more expensive,
lightweight materials.

The cost of AC power generation equiprient averages $28,600 per engine.
The weight ranges from 165 to 205 pounds. Therefore, a cost of $151 to 188
per pound was estimated. This applies to AGD type systems, AC power
generating equipment employing the new IDG costs roughly 20 percent more.

AC power conversion equipment consists of several static inverters which .

. cost about $3,800 cach as indicated in Table 4.9. Their unit weight is

about 15 pounds, therefore, a cost of about $250 per pound is estimated.

AC distribution equipment are a diversé collection of items that include
generator control boxes and panels; voltage regulatours, contactors, bus panels;
circuit breakers, relays and switches; distribution boxes and panels; and
miscellaneous wire, conduit and supports. Of those items listed above, the
quantity, and hence weight, of circuit breakers and switches and the miscell-
aneous wire, conduit and supports, vary greatly with the size of the aircraft -
from 500 to 2,500 pounds. The balance of the items remain relatively fixed
varying from about 190 to 250 pounds for a wide range of aircraft sizes. By
using the information contained in Table 4.9 and correlating it with detailed
weight statements, it was determined that these items cost on the order of
$80 to 100 per pound.

The DC power system includes batteries, chargers, transformer rectifiers,
circuit breakers, relays, limiters, distribution boxes and panels, and mis-
cellaneous wire and conduit. By using the informstion contained in Table
4.9 and correlating it with detailed weight data, a range of $50 to 58 per
pound was determined for the DC power system.

iighting system costs are shown in Table 4.10 for a Qariety of aircraft
types. These costs are for the light and fixtures but not for controls
or power supplies unless otherwise noted. Lights and fixtures comprise
from 60 to 85 percent of the total interior lighting weight and 40 to 60
percent of the total exterior lighting weight. The remainder of the weight
includes transformers, wire supports, plugs, etc. By correlating the cost
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data in Table 4.9 with detailed weight statements and using a factor of $50

per pound to represent miscellaneous material as discussed in Section 4F,

a cost of $45 to 80 per pound was determined for both exterior and interior

lighting. Although caution and warning indicators are part of the avicaics

system, they are often provided by the lighiing subcontractor and their cost
is shown on Table 4.10 for information only.

The above cost information is summarized in Table 4.11 together with
percentages of system weight and confidence values for the four classes of
aircraft defined in Section 2C. As might be expected, the weight of the
electrical system as a percentage of MEW decreases as the aircraft get
larger. However, there 1s a notable lack of consistency regarding the
relative mix of electrical system components among the classes of . ircraft.
While there is no apparent reason for many of the variations in the mix,
som can be explained by close examination. For example, the large decrease
in AC power generation equipment weight between medium and wide~body aircraft
i8 because most medium aircraft considered have four engines while two of
the three wide body aircraft have only three engines.

Table 4.12 prbvides electrical system cost information for each
of the four classes of aircraft. This was accomplished ty applying the
methodology described in Section 2C. An average cost of $104 per pound is
appropriate for small and medium commercial aircraft and for military air-
craft. $89 per pound is appropriate for wide body aircraft. The difference
in these costs is due to the variances in the mix of components inzluded
in the electrical systems of each of the various types of aircraft.

Table 4.12 also provides confidence values for the electrical system
CERs. They range from about 7.9 to 8.3 depending on the aircraft type.

The costs presented in Table 4.12 represent subcontractor costs only.
In order to determine total system level costs, these costs were adjusted
by an approximate factor of 1.33 as discussed in Section 2C. The adjusted
coet data were used to develop the cost estimating relationships shown in
Figure 4.7.
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Table 4.12
ELFCTRICAL SYSTEM
COST BY AIRCRAFT TYPE

Military
, Small Medium Wide Body Transport
CER $88-113 $94-118 $76-102 $93-118
-(avg. $100/1b.) (avg. $106/1b.) (avg. $89/1b.) (avg. $106/1b.)
Confidence Value 8.3 7.9 7.9 8.0

Enmerging Technoiogiee

Technology related to the electrical system is rapidly advancing and
many inpovations should be implemented in the future. The potential applica-
tion of new tecknologies to current methods of electrical power generation .

and distribution are discussed below. e

Variadle speed constant freoquency (VSCF) techuoclogy is seen by some as
eventually replacing the CSD. VSCF is actuaily a term which includes a 7
variety of options for using solid state techrology to convert the irregular
input of the power scurce into a constant elactrical output. Cycloconversion,

DC 1link and high voltage DC are three such options. .

]
e el il B AL Ll L et ot o s N

earm s ol aia

Cycloconversion employs a cycloconverter which samples the irregular
input from the generator at several selected points in order to provide a

* ~
R P T S

constant output. Since a cycloconverter can convert only to lower fre-
quencies, a high speed generator is required to produce an input frequency
of at least 1200 Hz that can be reduced to the desired comstant 400 Hz
output. This concept introduces a serious design problem since acceptable SRR
generator life cannot currently be achieved at the required speeds. -i ‘

DC 1link converts variable frequencies into DC power and then converts 1

DC to constaiuit frequency AC with an inverter. Achieving reliability with i {
DC 1link is a problem because it uses 2,000 to 4,000 solid state components ) l’
and compatible joint operation is required. F :ther, the development of »z :‘
a lightweight inverter 1s required if DC 1l{uk is to be feasible. - i

444 t
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High voltage DC is theoretically a more efficient means of providing

constant frequency oucput without a CSD than either cycloconversion or DC
1ink and is presently being studied by the Navy. However, ultra high
voltage circuit breakers must be developed for it to be achieved.

In comparing VSCF and CSD system costs, it mu-t be noted that very

different technologies (static vs. dynamic) are used. Since a CSD is a

rotating apparatus, it has an inherent overload capability. Solid state VSCF
;% components do not have an overload capability in excess of their stated
A maximum load. This requires extensive analysis to be perforned regarding
peak load requirements and design must be based on them. Research is
currently being conducted to develcp an instantaneovs heat sink to achieve
an overload capabilicy and, thereby, avoid potential damage to electrical
equipment. '

P

; The electrical distribution system is a major target of opportunity for

E technological advancement. In fact, it 1is felt that the electrical distri- "f ¥
é bution technology employed in even the most recent transports (747, L-1011 -
% and DC-10) is obsolete compared to an aircraft that would be designed today 1
i as it would undoubtedly employ more remote load control, signal multiplexing s {4

and programmable control logic.

sy

; A feature of a new electrical distribution system is the relocation of
! the major distribution buses close to the majdr loads. This enables much 1l
| wiring, and thereby weight, to be saved because feeders from the generators - 11
to the buses and wiring from the buses to the loads are shortened considerably. -
Relocation of the buses from the cockpit to earer the major loads, however,

necessitates a means of remotely controlling circuit protective devices and

indicating their status. Wiring is needed for that purpose, but can be _é
' minimized by multiplexing the control and indication signals (one wire serves

geveral different functions by using a coded signal). Wiring is further mf
é reduced by substituting solid-state logic for mechanical relay logic, which )
‘ {8 now common in aircraft systems for such control and sequencing functions "

as extending and retracting the landing gear. That improvement also does *
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away with a large source of failure and maintenence cost--the mechan.cal relay
logic. Besides enabling the achievement of significant reductions in

wiring and maintenance costs, the elimination of a significant quantity of
wiring might enable structural volume ¢o be reduced allowing further sub-
stantisl savings in overall aircraft cost.

Moreover, the introduction of a computer would greatly simplify system
growth and modification by making the solid-state logic programmable. The
computer permits automatic control and load management so as to reduce the
need for manual supervision and the consequent possibility of human error,
especially during anomalous system operation. The computer also makes
system self-test diagnostics possible to further simplify maintenance and
enables an aircraft to accommodate new avionics by a simple software change
rather than by expensive rewiring.

While the basic technology exists today to achieve many of the advances
in the electrical distribution system discussed above, two significant
problems must be overcome to make them a cost-effective reality:

® Multiplexing, like many of the current avionics componen:ts on an
aircraft, requires a computer. The aircraft manufacturers have
drawn the line on the proliferation of computers and further
development is expected to be delayed until a single computer is
~developed which will accomplish the functions of the several now
in use and provide adequate redundance. Work in this area is in
progress.

® Remote control circuit breakers are required to replace manually
operated thermal circuit breakers and thereby enable relocation of
the electrical load center from the cockpit. Remote control cir-
cuit breakers currently cost from $1,000 to 2,000 each using limited,
exotic manufacturing techniques and although their price will drop
dramatically when they get into full production, they will never
be as cheap as thermal circuit breakers which cost from $50 to 309
each.
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H. INTEGRATED PNEUMATIC SYSTEM

Integrated pneumatic system (IPS) ig a term often applied to the combined
pneumatic, air conditioning, anti-icing and auxiliary power systems, Although
these systems are treated separately in Military Standard 1374 (exceyt for
the pneumatic system which is combined with the hydraulic system) the
manufacturers and their major subcontractors consider them as part of a single

system because of their commonality. In some cases an aircraft manufacturer .
will have a single subcontractor oversee the design and production of all N ol
of these systems. The srstems which comprise the IPS are discussed below.
Although cost information is presented for each system separately, cost
estimating relationships are developed jointly because much of the cost. data
are interrelated. F

4
[
b i S e L, i

Pneumatic System Description

The pneumatic system includes all heat exchangers and ducting which
carries pressurized air fronm each of the main engines and from the auxiliary
power unit (APU). The pneumatic system provides compressed air for cabin o
pressurization, air couditioning and ventilation, engine starting, ice | |

prevention on critical aerodynamic surfaces and turbine driven supplementary -E ? j
or emergency hydraulic power. To perform these functions, each turbine o ; é
engine is equipped with a bleed air extraction system, The bleed air N ]
control system regulates the pressure and temperature of air supplied to . i

pneumatic accessories and to the air conditionirg system. The pressurized { L

air is distributed by a comprehensive ducting, suitable pneumatic ground . f
service connections, necessary controls and isolation and check valves. Each . o
engine normally supplies a corresponding air conditioning unit and anti-ice ,f ?
system, but isolation valves are arranged such that air can be cross-fed o j
from any engine to any system or engine starter. In the event of an isola- Ai |
tion valve failure, it can be locked closed without affecting the crossfeed

and distribution capability of the system. 1; :

Pneumatic System Costs

Heat exchangers, valves and controls contained in the pneumatic system i
cost between $150 and 250 per pound according to subcontractor data. This
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value is supported by data for other, similar components included through-
out the IPS, : |

Pod

Adlr Conditioning Syst.em Description

The term "air conditioning system" has been replaced by the more tech- h
nically correct term "environmental control system" (ECS) when applied to !
modern transport aircratt. In addition to supplying conditioned air to
the cabin, flight station, galley and lavatories; the ECS provides cabin

Pressurization, heats the cargo compartment and supplies conditioned air
for avionic and electrical load center cooling,

P

3
*

g

|

R -

Alr Conditioning Syster Cost

Subcontractors provided detailed ECS cost data for recent wide body f
commercial transports. When divided by the appropriate weights, costs per i
pound of $152, 167 and 184 were indicated. Installation material, ducting

and miscellaneous values and controls were not included in the weight or cost.

=

8 e

The cost of air conditioning has decreased dramatically since 1967 when : |
manufacturers indicated that the average cost per pound was about $275 -

.
oy

F oy i .
) .
S B
e

*
(in then~year dollars). Increased competition in the ECS business was

cited as the major reason behind this significant cost reduction as it
spurred technological advances.

I~

High fuel costs are now causing new concepts

i e o R 5

:f j! and design considerations which could have an impact on the cost of future o
: &i ECSs, but 18 1is too early to determine the probable magnitude. %'"
f ¥
- g
ot Anti-Icing System Description ;

i Anti-icing functions can be performed by either hot bleed air or

»f ii electrical heat. Bleed air systems, which are the most common, include
: all ducting from the main pneumatic source and inner skins which form the ]

. g: hot air cavities along the leading edges of the surfaces. Electrical systems
e include the electrical blankets fastened to the outer surfaces of critical

oaneel
»

surfaces plus all wiring and controls.

]

* Using the DoD i{nflation factors provided ¢u Table 4.1, this is equal to
$520 per pound in 1975 dollars.
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T Anti-Icing System Cost

Specific cost data were not obtained for either type of anti-icing system.
s The cost of bleed air anti-icing systems is believed to be similar to the

h h h ’_.I‘ |

i‘; : cost of the other systems included in the IPS because it is composed of

similar items. I

e
f i%3 Auxiliary Power Plant System Description L .
= §‘ The auxiliary power plan{ system supplies all power for ground opera- ' i
%j tions in lieu of ground support equipment. These operations include: o

ft ground air conditioning, engine starting, air turbine motor driven hydraulic .

pumps for hydraulic power and driving a generator for electric power., In
addition to allowing ground self-sufficiency, the auxiliary power plant
system nay be usad in flight to provide emergency or supplemental power for
air conditioning, hydraulic services or critical, electrically powered com-
ponents. Whea the auxiliary power plant is expected to be operated in flight,
FAA regulations require that it be enclosed in a stainless steel housing for

B S R R

fire protection and this enclosure is considered as part of the auxiliary

e

power plant system.

srhrn s

The auxiliary power system includes the auxiliary power unit (APU), fire-

T

proof enclosure, air induction and exhaust, piping and auxiliary backup
components such as starter, battery and generator.

Auxiliary Power Plant System Cost .i

Subcontractors provided two different cost estimates for APUs. One
indicated a range of $50,000 to 90,000 per unit with a typical cost of
about $75,000. The other estimated a cost of more than $100,000 per unit.
‘;( Follow-up investigation indicated that the lower range included APUs for
F\\"ﬁ smaller and medium sized aircraft while the higher cost applied to APUs for
I wide body aircraft. Thus, an overall range between $50,000 and $125,000 per
| ;ii APU is appropriate. When the costs were divided by the APU weights indicated
}1‘ in detailed weight breakdowns, a cost range of from $100 to 200 per pound

fﬁ» resulted. Further, data on APU engine costs presented in the previous study(G) -
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indicated costs between $145 and $200 per pound. Since the cost of the engine
exceeds half the total cost of the auxiliary power plant system, a cost range
of $125 to 180 per pound was estimated,

APU cost estimates are sensitive to engine size, installation require-
ments such as fire protection and the accessories that it drives. Noise
reduction is of increasingly greater concern within the aircraft industry

“and added measures to combat noise could significantly increase the cost of

future APUs.

Other Sources of Auxiliagz and Emergencz Power

In addition to the auxiliary power plant, other sources of auxiliary
and/or emergency power are occasionally used on aircraft. These sources
include: air turhbine motors, controlled speed motors and emergency power
units. Since these are not standard equipment on most transport aircraft,
they are not included in the cost estimating relationships. However, a brief

discussion and general cost information on these items are provided below for
information,

The air turbine motor (ATM) has been used for auxiliary or peaking power
requirements such as a hydraulic power assist for takeoff and landing on
wide body ailrcraft and offers redundancy as a backup system for the main

- engine driven pumps. ATMs can provide rotor, hydraulic or electrical power

depending upon the driven accessories (generator, pump, etc.) that are
connected to them. The use of ATMs by the primary manufacturers of commer-
cial transports varies significantly. For example: Boeing has an ATM for
each of the four hydraulic systems op the 747; Douglas does not use them;
and Lockheed has two for the four hydraulic systems on the L-1011.

Controlled speed motors are variable angle, positive displacement
hydraulic motors with built-in speed control. They are used to provide
accurate and stable constant speed power for operating aircraft generators
from a hydraulic power supply. Controlled speed motors can function as an
auxiliary power electrical supply for multi-engined aircraft, as a prime




POV S Y

electrical source for small aircraft or as an emergency source of electric
power on any aircraft. Some discussiona with airframe manufacturers have
been held regarding the use of controlled speed motors on future commercial
aircraft. Controlled speed motors are, however, less efficient than other
means of obtaining auxiliary power because they cause hydraulic power losses.
In practice, CSMs are typically used on military aircraft fo: backup power
to emergency systems.

Emergency Power Units (EPUs) are used only in emergency to start the
engine and provide hydraulic power to operate the control surfaces. They
are an alternative to Ram Air Turbines. Emergency power units can use
either stored monopropellant (70 percent hydrazine and 30 percent water) or
engine bleed air or mixed mode of operation in which monopropellant is
added to supplement the air mode whén available engine bleed air conditions
cannot satisfy demand. Emergency power units consist of a catalytic decom-
position chamber that generates gases which drive an impulse turbine that
it integrated with a gearbox. The output then supplies power to drive a
generator or hydraulic pump. EPUs are completely self-contained and require
only a 28 volt DC signal to initiate operation, but they must be recharged
on the ground after each use. The Concord is the only commercial tramsport
with an EPU; however, EPUs are included on non-transport aircraft like the
F-4, F-14, F-15, F-16 and F-18,

Costs of Other Sources of Auxiiiary and Emergency Power

Typical ATM costs (exclusive of driven accessory) vary from $8,000 to
10,000 for a 10-horsepower unit without automatic controls to $25,000 to
$30,000 for a 90-horsepower unit that includes automatic controls. Costs
vary within the ranges indicated in accordance with horsepower rating, con-

trols and types of engine driven output provided.

Controlled speed motors cost about $12,000 to $15,000 each. They are
of extraovdinarily high quality because of their design and required high
reliability as emergency equipment.

ey PRy
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jubcontractors were unwilling to discuss EPU costs in even the most
general terms pbecause they are new and the market place is extremely com-

petitive.

Integrated Pneumatic System Costs

By using detailed weight statements, the composition of the IPS was
determined as a percent of total system weight for each of the four clasees
of aircraft indicated in Section 2¢. This breakdown is provided in Table
4.13. These data indicate that the pneumatic system constitutes a smaller
percentage of total IPS weight for small commercial aircraft than for other
types (8 percent compared to about 20 percent) and that the anti-icing system
weight is a greater percentage for small commercial ajrcraft and less for
wide body commercial aircraft than for the other types (24 percent and 7
percent respectively compared to 15 percent). Reasons for these differences
are not known. As might be expected, the.absolute 1PS weight increases as
the size of the aircraft increases but as a percent of MEW it decreases from
4.7 percent for small commercial aircraft to 2.6 percent for wide body

commercial ajrcraft.

The costs for "migcellaneous material" (pheumatic system ducting and
gupporte; the air conditioning distribution system; and the auxiliary power
plant engine mounts and enclosure) were not discussed above. They were
assumed to cost between $25 and 75 per pound based on the rationale provided
for similar items in Section 4F. Table 4.15 summarizes cost information for
key components of the IPS; the average cost per pound of the IPS is about
$115.

Cost information and confidence values for the individual systems which
comprise the 1PS are presented in Table 4.14. The cost ranges for each
system often vary markedly by aircraft size because they ate affected by the
design and mix of components as discussed above., Instances vwhere confidence
values are low reflect the necessity of making assumptions regarding some
1PS components. The costs presented in Table &4.l4 represent subcontractor
costs only. In order to determine a total system level cost, these costs
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were adjusted by an approximate factor of 1,33 as discussed in Section 2C.
The adjusted cost data were used to develop the four cost estimating i
relationships shown in Figure 4.8. " ?
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I. FURNISHINGS AND EQUIPMENT SYSTEM

System Description

Furnishings and equipment includeus a variety of items in the cockpit,
main cabin and cargo compartment. In tne cockpit, this category includes
all jnstrument and console panels, seats, insuiation, lining, crew oxygen
system, and cockpit door and partitions.

In the main cabin of the commercial aircraft, this category includes
seats, floor covering, insulation, side panels, ceiling structure, hatrack
or baggage containers, complete lavatory installation, complete galley
installation including food container inserts, ovens, refrigerators, food
carts, window shades, divider partitions, stowage provisions for luggage
and magazines, passenger cool air and call buttons, stewardess seats, and
passenger oxygen system incluvding portable emergency oxygen bottles. Pass-
enger reading lights are included with the electrical system and discussed
with it. The entertainment system is included in the avionics system.

In the cabin of military aircraft, the furnishings and equipment category
includes insulation and lining, troop seats, litters, crew bunks, galley

[P A

and lavatory, floor covering, cargo and aerial delivery system (winches, .;

pry-bar, tie-down fittings), equipment stowage and troop oxygen system.

In the belly of the éommercial aircraft, this category includes insula-
tion and iining and cargo loading system. The cargo containers are not

ot

3
- .
e A o aRME e i A Mnn | ceaSh S

included as they are operator's items. .i

Miscellaneous items include the engine and cabin fire extinguisher
systems, fire warning system, exterior finish, and miscellaneous smergency
equipment (i.e., first aid kit and fire ax). Emergency exit slides and
life rafts are not included as they are operator's items.

System Costs ,f '

Cost and technical characteristics related to cost are discussed below R
for the major furnishings and equipment components including: reats,

PR,
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interiors, galleys, lavatories, toilets, oxygen system and other interior
equipment, Cost estimating relationships are then developed for the com-
plete furnishings and equipment system.

Adxrcraft Seating

Seating represents a significant cost and weight. Passenger seats are
chiefly custom items on commercial aircraft varying in accordance with each
customer's wants and needs. While aircraft manufacturers make a "house"
aircraft where the purchaser does not have an option as to the type and
quality of equipment (including seats), airlines almost always select a

.unique seat design. In fact, airlines frequently have several models of

seats on their various aircraft types. For example, TWA currently has at
least five different models of seats as it has elected newer designs for

newer aircraft rather than selecting a standard seat design for all of its
aircraft.

The seat frame is typically a standard item even though features such
as chromed or recessed legs may be added as options. The cost of the frame
is relatively low because of large production volume. The seat covering and
special features such as entertainment units, trays, or breakover are the
primary determinants of cost. It was no.ud that U.S. airlines generally
buy about the same quality seat and, therefore, pay about the same price.
Foreign airlines, on the other hand, often order cheaper and lighter seats.

It is stated that the weight of furnishings (including seats) is viewed
by aircraft minufacturers with the same concern as the weight of other
systems. FEvidence does not entirely support this contention, however, as
the weight of coach seats has been reduced dramatically from hbou; 130
pounds per triple seat provided on one of the first 707s to a‘EJrrent weight
of less than 65 pounds per triple seat while the weight of a first class
seat has remained at about 45 pounds per seat bottom. The airlines are
apparently unwilling to sacrifice any luxury in first class even at the
opportunity of saving .everaifhundred pounds not to mention cost.*

* For example, by reducing the weight of a first class seat from 45 to 34 pounds

(it would still be 1.5 times heavier than a coach scat), the weight of an

L-1011 with 20 percent first :lase seating (52 passengers) could be reduced
by neariy 600 pounds.
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Table 4.15 provides representative costs and weights for several types
of aircraft seats. The cost indicated for passenger seats ($600) 1s the
average cost including soma optional accessories such as fold down center
seat backs. The cost of seats without accessories is about $550 per seat
bottom and may be increased to about $700 by adding optional items. Both
the cost and weight of coach seats vary in accordance with whether they are
double or triple as double seats cost and weigh 78 percent as much as triple
seats rather than 67 perc nt a3 might be expected. Thus, if an unurual
seating configuration is :alled for, the cost estimate should be appropriately
adjusted,

The high cost per pound indicated for flight attendant seats on Table
4.15 1is because of special featues and the fact that they are made in very
limited quantities.

Interiors

There is a little difference in the cost of interiors (including: panel-
ing, lining and trim; utility racks and passenger service units; partitions
and doors; utility trays and divider tables; coat rooms and stowage) among
alrcraft of comparable size and function. This is chiefly due to the fact
that materials are similar consisting priiarily of aluminum honeycomb,
fiberglass and metal bonded parts.

Limited cost data were available for interiors. These data include a
newer aircraft, the DC-9-50, and a retrofit of the 727/100 for United Air
Lines to provide "wide body styling." These costs are presented in Table
4.16. Since the DC~9-50 and 727/100 are about the same size (the DC-9-50 is
slightly larger), the difference in cost is surprising. This can be explained
by the fact that the DC-9-50 interior was built from aircraft manufacturer
designs and the 727/100 retrofit interior was designed and built by the
subcontractor. Also, the 727/100 cost includes items which were not
supplied on the DC-9-50,

Since the design and construction of aircraft interiors is similar, a
cost estimating relationship for interiors covering the area from the floor

4-60

P PPN I T o s

-

PP, 7o) . o




Table 4.15
RE_PRESENTATI,VE"C_OSTS OF AIRCRAFT SEATS
e _ o Weight
_ Seat Type Cost per Seat Bottom gvoundsz Cost per Pound
,.f.. First Class Passenger $1,300 45 $29
- Coach Passenger 600 22 27
- Flight Attendant 1,500 18 83
Pilot (military) 2,100 58 36
Crew (military) 1,550 52 30
J §
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Table 4.16 N ?
COSTS OF RECENT ATRCRAFT INTERIORS - i
Item Cost Comments - 1
DC-9-50  Side Walls and $20,000-25,,000 T
Window Reveals ’ wh
DC=9-50 Storage Bins, 110,000 Since lighting is part of -y
Cabin Lighting electrical system, raduce - ]
and Sculptured by 25%2 to determine interior {
Ceiling Panels cost only, e 43
: 727/100 Complete Interior 225,000 Includes equipment such as e q
b ' passenger service units L
; and amortized design and g
‘ " tooling costs. - ;
‘ - B
A
L
IR
&
i
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on one side to the floor on the other side might appropriately be based on
length. About $1,500 per linear foot would be a reasonable amount for
aircraft of normal width (six across seating) and would include side walls,
wvindow reveals, storage bins and aculpturéd celling panels but exclude
lighting and passenger service units. A cost estimating relationship based
on linear feet for wide body aircraft intariors would be greater only by the
greater width of the ceiling panels as all other components are comparable,
A wide body ceiling is approximately seven feet wider thau a normal ceiling.
However, even this difference might be offset by dssigns which incorporate
additional lighting fixtures in lieu of ceiling panels.

Galleys

Galleys are made in modular units which fit thu space available on
each aircraft type. Like other furnishings, galléys are regarded as market-~
ing tools by the airlines because they affect the service that is provided.
They are, therefore, frequently modified to suit the customer.

Although galley design 1is not affected by the design of other furnish-
ings and equipment components, it is greatly dependuut of trends established
by food purveyors. For example, the current trend 18 the extensive use of
frozen foods which has meant more use of microwave ovens.

There are two general types of galleyp, those for wide body aircraft
which have upper and lower facilities and those on other aircraft such as
DC-8 and 737 which are completely contained in the passenger cabin.

A representative cost for a complete 747 galley* is about $700,000, but
this cost can range from less than $400,000 to more than $1,000,000 depending
on the desired class of service and manner of food preparation. A complete
DC-10 galley which includes a service center, aft bar and lower facility

* Including: galley, ovens, coffee makéra, refrigerators, bar and tray
carriers or trolleys (carts).
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costs about $250,000. The cost of DC-10 galleys are rignificantly less than
for 747 galleys because they feed fewer people (200 vs. 450) and because
flights are generally of shorter duration. Other example costs are about
$50,000 to $100,000 for DC-9 galleys and SIOO,QOO to $125,000 for 727 galleys.

Lavatories

Lavatory design often differs from manufacturer to manufacturer as,
for example, Douglas integratee solid, structural walls into its lavatories
while other manufacturers use modules that are simply bolted into place as
a complete unit. Further, the layout of lavatories differs according to
the "footprint" of the space in which they are to be placed. The 747 has
potential locations for as many as 17 lavatories; however, the purchaser
may require as few as eleven. There is, of course, a tradeoff between the

number of lavatories and the number of seats.
A typical lavatory module costs between $10,000 and 15,000.

Toilets

The various lavatory locations on a particular aircraft influence the
design of toilet tanks and vents such that several different toilet tank
configurations may be required for one aircraft. Design options are
available for toilets, as for example, the 747 has double toilets with a
wall between them and the L-1011 uses common tanks for several toilets.
Although common tanks were tried on the DC-8 and again on the DC-10, they
had inherent functional problems and were soon eliminated early in pro-
duction. Reduced ground service time requirements are a major advantage

of the common tank.

Materials technology as well as innovative designs has significantly
affected the structure of aircraft toilets. The first recirculating flush
toilets were on the 707 and DC-8 and used heavy stainless steel for both
the tanks and tops. Fiberglass tanks and tops are now used along with many
plastic components and unit weight is reduced to less than half that of the
original 707 toilets. Unit weight has, however, remained fairly constant
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in recent years and is at a point where further weight reduction efforts could

impair structural or functional integrity.

Table 4.17 presents cost data for aircraft toilets. The cost of toilets

varies between $1,500 and 3,000 depending upon size, sophisticaticn and
quality of motor, pump, filter, drain and valve. An average cost of $2,000
18 representative of most current units. )

The next technological advance in aircraft toilets is likely to be

vacuum flush which is under consideration for the next generation of commer-

cial aircraft. Vacuum flush would have a central tank and would enable

fluid to be filtered and reused, thereby substantially reducing flushing the

weight of fluid carried. Further, only one ground service point would be

required and maintenance costs would, thereby, be reduced.

Emergenc ren

Emergency oxygen systems are required to enable the flight crew and
passengers to maintain a state of useful consciousness in the event that
decompression occurs at a high altitude.

) Emergency oxygen has typically been provided by fixed gasebus oxygen
breathing equipment consisting of tanks containing compressed oxygen and. a
regulation and distribution system. Newer technology has been used on the

C-5 and L-1011 to provide miniature, individual sodium per-chlorate chemical

oxygen generators. This concept eliminates the use of oxygen storage
cylinders, multiple pressure reducers, automatic regulators, and extensive
d*stribution plumbing with associated connectors and valves. Accordingly,

" 4ts cost and weight 18 considerably reduced. Safety is greatly improved by

eliminating handling of high pressure gaseous oxygen and minimizing the

quantity of high pressure gaseous oxygen available at any single location.
In the event of a general aircraft fire, chemical generators will not burn
iu the "blow torch" fashion of high pressure oxygen and, being inert until

activated, will not create or support a crash fire., Standard, continuous flow

passenger oxygen masks are automatically presented at each passenger seat
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. Table 4.17
i COSTS OF AIRCRAFT TOTLETS

‘ Toilet Type Cost Comments

y Executive Jet and Military $ 700-800 e

i Transports ' -
I . 3

i 707 3,500 0ld technology stainless

i steel construction. ve
i ' \ 1
1-1011 2,300 Total cost of 7 toilets R
‘ 1s $16,000. ;
; Estimating Range for Com- 1,500-4,000 % 1
f mercial Transport Toilets ;

location, cabin attendant station, galley station and lavatory, whenever cabin
altitude exceeds approximately 12,200 feet.

. e
R e e et s e

Recent costs for the components of a botiled gas emergency oxygen system

ArvTe o

are provided in Table 4.18. The total system cost is primarily a funciion of

the number of passengers.

i
e v

Furnishing and Equipment Costs

.
e ke Nl - et e

Using detailed weight statements, the composition of the furnishings i
and equipment system was determined as a percent of total system weight for ”
the three classes of commercial aircraft defined in Section 2C. These 5 o
breakdowns are provided in Table 4.19. As indicated, the comporition of this

CHE

system is relatively consistent for the three classes of commercial aircraft :
witb the following notable exceptions: e

. i
M
RET
i

o As the aircraft size increases, galley equipment and struccure
becomes a greater percentage of the total system weight (from
5 to 19 percent). This is as expected because complete meals. are
not commonly served on the smaller aircraft which fly shorter ”

routes. ’
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Table 4.18

COSTS OF EMERCENCY BOTTLED GAS OXYGEN SYSTEM COMPONENTS

Item

Crew Regulators
Cylinder and Valve
Pressure Reducer
Exchange Recharge Valve
Gauge Assembly
Miscellaneous

Subtotal

Cyliader and Valve
Composite Regulator

Latch Valve Manifold

Masgks

Portables for Emergency

Subtotal

Total Oxygen System Cost

Crew System

Unit
Cost

$400
175
150
150
50
25

Pagsenger System

$175
800
30

10

130

Typical Quantity Total
Required Cost _
5 $2,000
1 175
1 150
1 150
1 50
1 25
$2.§§0
2~3 $ 350-525
2 1,600
1 for each row 1,200-4,800
of seats
1 for each - 1,000-4,000
passenger
7-14 910-1,820
$5,060~-12,745

i
i
l
i



o~
.
™

t
i

VMO M@

e L

¢4

sutes
33uspTIuy

-

{*8ae ¢¢ $)
0L-SE §

16-2%

8Z 9% 1S
16-2%
09-92
05°4-05°¢
0ST-001
08-09
9Z-Z1
GE-9T

(TeT21emmod) n?wnv
mhumuﬂﬂﬁav € -0€
2€-S¢ $

punog 194
31s0)

964°y 99T°5C
s 2591
%COT %001
€2 1C
1T z
7 T
) $4 L
1 €
9 6T
1 4 't
T rA
z Y
208 2€9
L z
€1 SE
202 P73
AIRITTIR Apog apIM

*T°% 21981 03 230U3l00j Ios -3Jeraay paIySToMes

cZEY1

29°tT

St

alt

WNYpPIW

*38em018 pue smooieOod
isioop pue suojlriaed ¢s3fun 307A138 193uassed pue sydex AJTTrIn

6%2°S

26°€T

2001

[1a]

@HHU\@:}NMN

€9
€
7t

iLe

TTeas

Iy31oM woalsis Te10] jo u3addiag jJuauoduo)

61°% °@1qel

1S0) WHLSXS INAWJINDA ANV SONIHSINYNA

$83[qe3 13pTAFP pue sdeil LIF[IIn

‘wraz pue Suyury ‘Surrsued :sapnloul &

(spunod a8eaaae,; yStray waIsds
jusudynby pue sSupysytuang yezol

M3K JO
Iuad13d Jusudinby pue sBupystuing

Jusucdynby pue s3uyrysturng [elor
*%
x10FI93UY

wa3sAg ualdlixQ

SUOTILPCUMOISY M3 IYSTITL
TeTI23e OFISNODY/Temaay]
Suriaaog 1ocid

aanjonaig pue jusmdinby Layyes
Suytpuey o3ae)

@A184S I23eN YSOA4

wudradby Liojeacy

s8ujysruing pue suorjepowmnoddy
s21)
J38uasseg

s3eag

ATqussseqng 10
juauocduwoy iofeRr

il

4-68 . .




ey s Al

',-';:* ’ =%d

i

§

T Oea fuw pew pemd e

. oy ep e B i ok B
R e LR TR ke e R TR . e CATIgET | e e 7 .

e Thermal/acoustic material and interior become a smaller percentage

of the total system weight as the aircraft size increases (from
44 to 28 percent).

e Cargo handling equipment is insignificant on small and mcdium sized
commerc’al aircraft, but constitutes four percent of the system
weight for wide body commercial aircraft. It is assumed that this
equipment is a function of length of trip. Also, perhaps,
advanced éechnology has enabled the economical substitution of

capital equipment for manual cargo handling labor on the wide body
aircraft.

e It is noted that furnishings and equipment as a percent of MEW
increases slightly with the aircraft capacity (from 13.3 to 14.5

percent). This increase results from the increased passenger

services that are offered on wide body aircraft.

While the commercial aircraft considered are all passenger aircraft,
the military transport aircraft included in the furnishing and equipment
breakdown on Table 4.19 (C-130€, C-135B, C-141A, C-133B and C-5A) perform
a variety of- transportation functions including strategic and heavy logis-
tics, airborne refueling and troop transportation. Thus, furnishings and
equipment on military transports represent a much smaller portion (3.4
percent) of MEW than they do on commercial aircraft.

Cost per pound estimates of furnishings and equipment system compon-
ents are also provided in Table 4.19. The following discussion indicates
the bases for these estimates:

e The costs per pound for seats are based on data provided in Table
4.15 and in the related discussion. Thus, the range for passenger
seats ($25 to 32) was determined by dividing the cost per seat
range ($550 to 700) by the average weight (22 pounds). The average
cost per pound of first class seating ($29) is within the range.
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& e Crew seat data were available for military aircraft only. Since

these seats are not as sophisticated as commercial crew seats, .

their cost per pound ($30 to 36) was increased by 25 percent
! '(to $38 to 45) to reflect the additional sophistication of commercial
seats.

e The costs of lavatory equipment (toilets and tanks, etc.) aie pro-

-r

vided in Table 4.18 and in the related discussion. A range was o

} e _ N
e e N e o ekl AaDteni S

calculated using old technology (707 average unit cost of $3,500
divided by average weight of 214 ponnds equals $15 per pound) and
new technology (I1.-1011 average unit cost of $2,300 divided by

Niaside D

average weight of 66 pounds equals $35 per pound). As noted above,
these represent extreme values with the newer (L-1011) technclogy

- AT e i T e

thought tc be more representative. _ .

D PR PP S

som

e No specific cost data were available for the fresh water system;

S FTITeI AN A eI T RIS

however, a review of system diagrams indicated that it was less
complex than the toilet system. Therefore, the range used for the !
toilet system was reduced by about 25 percent and a cost of between

$12 and 26 per pound was assumed for the fresh water system.

® The cargo handling system includes mechanical rolling devices and e
the drive mechanism for them. No specific cost data were obtained |
for these; however, companies manufacturing mechanical flight control B 14
; actuators also make cargo systems and they are similar in composi-
‘ tion. It was, therefore, assumed that their cost is the same as
mechanical flight control actuators ($60 to 80 per pound).

e Typical galley costs range from about $100,000 for medium sized air- ;
craft to about $700,000 for wide body aircraft. Corresponding
weights are about 800 and 6,300 pounds respectively. Thus, a cost
of between $100 and 150 per pound is appropriate.

o Floor covering in an aircraft is of high commercial quality to with-
stand concentrated use and to comply with strict FAA fire retardant
regulations. A non-aircraft carpet supplier indicated that a j

range of $15 to 20 per yard would be appropriate. By using interior
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dimensions and dividing by total floor covering weight, it was deter-
mined that 4.5 pounds per square yard was a representacive and

consigstent weight. Hence, $3.50 to 4.50 per pound is a reasonable
cost for floor covering.

e No specific cost data were obtained for thermal acoustic material.
Thus, the assumption was made that its cost is about two-thirds as
much as the interior ($28 to 60 per pound).

e Flight crew accommodations consist of items such as consoles and f 1
pedestals. Since no cost data were available for them, they were C
assumed to cost the same as the cabin interior ($42 to 91 per pound). PR

e The detailed cost for a fixed gaseous aircraft oxygen system is ! ‘3
provided in Table 4.18. By dividing the low and high costs o i
($7,600 to 15,300) by typical weights for oxygen systems for %
aircraft of those eizes (150 and 550 pounds, respectively) ccsts
- of $51 and 28 per pound are determined for small and large alccraft
| .systems. A cost per pound of $44 ($13,800 divided by 316 pounis)
was calguletgd for medium-sized aircraft.

e As indicated, the interior is composed of manv items. It is felt
that the interior costs provided in Table 4.16 and in the relevant » C
discussion are representative for all of the itéms contained in E
this category. Weights for the paneling, 1lining and trim, utility
racks and passenger service units and coatrooms and storage for ?
the DC~9-50 (2,590 pounds) are divided into the cost for iase é
items ($107,500) and comparable weights for the 727-100 (2,483 ' |
pounds) are divided by their cost ($225,000), which results in e
range of $41 to 92 per pound. This is thought to represent two
extremes as the weights for the DC-9-50 may include items which
might not be included in the cost (thereby 1qcreasing the lower
value) and the weighte for the 727-100 may exclude items included
in the cost (thereby reducing the higher value).

Table 4.20 provides costs and confidence values for the furnishings
and equipment gystem for each of the four classes of aircraft defined in
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Table 4.20 "
FURNISHINGS AND EQUIPMENT SYSTEM L
COST BY ATRCRAFP TYPE

Small - Mediua Wide Body Military

CER $ 35-62 $ 37-63 $ 43-70 $ 40-67 L !} :
(avg. $49/1b.) (avg. $50/1b.) (avg. $57/1b.) (avg. $54/1b.) ‘s

Confidence ' ' S
Value » 7.0 7.2 7.3 5.0 ‘i

Section 2C. The variance in the furnishings and equipment system costs and ‘j
the confidence values is caused by the different mix of components by weight

found on the four sizes of aircraft as discussed above. Further, since most

of the cost data were obtained for commercial aircraft and its applicability R
to military transports is somewhat questionable, the confidence value for N
military transport aircraft furnishings and equipment is much lower than for 1+ e o
commercial aircraft (5.0 instead of 7.0 to 7.3). ;

In order to determine a total system level cost, these costs were adjusted

4
The costs presented in Table 4.20 represent subcontractor costs only. 4
|
by an approximate factor of 1.33 as discussed in Section 2C. These adjusted i

cost ‘data were used to develop the cost estimating relationship shown in ‘ém_, i
Figure 4.9. ‘
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J. INSTRUMENTS AND AVIONICS SYSTEMS

Although they are separate systems, instruments and avionics are dis-
cussed together bacause they have many similarities.

Systems Description

Instruments perform basic monitoring and warning functions associated
with the flight of the aircraft, control surface positir |ng, electrical,
hydraulic and pneumatic systems operation, engine operation and fuel
quantity. The instrument system includes cockpit indicators and warning
lights, electronic black boxes as the points of signal input and circuitry
between the black boxes and the monitoring devices.

The avionics system is separated into four subsystems as follows:

1. The integrated flight guidance and controls subsystem includes
the autopilot system, and associated pitch, roll, yaw com-
puters; the flight director system; the gyrocompass system;
the attitude and heading reference system; and the inertial
navigation system. These units are interdependent and are,
therefore, integrated into one operating unit, Although a
part of this suhsystem, the auto-throttle/thrust management
system is included wvith the propulsion system because it
functions as an engine control. All indicators, servomechanism,
and associated circuitry, supports and attachments related to
the integrated flight guidance and controls subsystem are also
included. ' '

2. The communication subsystem is separated by its internal and
external functions.

a. The internal communication system includes the interphone
system, the public address system, and the multiplex (MUX)
system. The MUX system is a signal transmission source
for the passenger-to-attendant call system, passenger
entertainment system, the public address system, the
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T reading light system, the passenger oxygen latch release
o system and the passenger indﬁbidual cool air system. The
—t DC~10 and the L-1011 uytilize a communication MUX system.
-; ' All amplification units, head and hand sets, speaker

installations, encoders and decoders for the MUX system,
and associated wiring, supports and attachments related

to the internal communication system are also included.
:i_ b. The external communication system includes the radio eauip-
_ ment which is used for aircraft to aircraft or aircraft
:1; to ground communications. It is composed of the very
high frequency (VHF) system, the high frequency (HF)
fT? system, the ultrahigh frequency (UHF) system, provisions
-~ for satellite communication, the selective call (SELCA)
‘]f system, and the voice scrambler éystem. Most overwater
- airplanes are equipped with HF or UHF equipment. All
e radio units, antennas, and associated coax, wiring,
i supports and attachments related to the external communica-
.. tion system are also included.
i, 3. The navigation subsystem includes all radar equipment, the
.. automatic direction finding (ADF) system, the distance measur-
;‘ ing equipment (DME) system, the long range navigation (LORAN)
system, the doppler system, the navigation computer systems,
ij the stationkeeping system, the tactical air navigation (TACAN)
- system, the variable omnirange (VOR) system, the marker beacon
1 system, the instrument landing system (ILS), the collision
- avoidance system (CAS), the airport traffic control (ATC) system
E. the radio altimeter system, the glide slope system and the
o radar beacon system. Most overwater aircraft are equipped with
- LORAN and doppler systems., All of the navigation units, indica-
i‘ tors, antennas, associated circuitry and antenna coax, and

supports and attachments related to the navigation subsystem

are also included.
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4, The migcellaneous equipment subsystem includes the flight, voice
and crash recorder systems, the aircraft integrated data (AID)/
malfunction detection analysis and recording (MADAR) systems,
the weight and balance system, if installed, the equipment rack
structure and miscellaneous hardware and circuitry.

System Costs

Instruments and avionics. costs are difficult to estimate for several
reasons. First, technology is rapidly advancing. Thus, equipment with
approximately the same capabilities as in the past may now be built at a
lower cost and equipment with recently unattainable capabilities may now
be obtained. Second, instruments and avionics perform a variety of
functions as noted above and costs may vary significantly by function.
Third, avionics is largely a customer option and maﬁ vary greatly on a
given aircraft model depending upon its mission,* the extent to which the
customer wishes to maintain standard equipment within its fleet or any
other unique user requirements.

Very approximate costs have Leen determined for instruments and
avionics. These costs are believed to reasonably approximate the cost of
iastruments and avionics for most transport ai-craft. However, if
relatively simple or highly complex instruments and avionics systems are
contemplated, estimates should be adjusted accordingly.

Instruments and avionics costs are of two distinct types - equipment
(e.g. "blackboxes") costs and other costs including installation, hardware,
wiring and antennas,

Detailed cost information was available for some instruments and

avionics equipment. The cost of government furnished instruments equip-

¢ For example, military transports generally have more complex and, there-
fore, more expensive avionics than commercial transports, and commercial
transports flying overseas generally have more complex avionics than
those flying only domestic routes.
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[, ment for the C~5 and C-141 averaged about $590 per pound.(6) Avionics equip-

ment costs averaged about $650 per pound for a conceptual STOL aircraft.(ls)
[ In addition, detailed government aviov;:lce cost data for attack and fighter

aircraft from an unpublished source indicated the following costs for non-
l: weapon related avionics: rédio navigation equipment $1,130 per pound on the

average with a range of $130 to $3,990; radar navigation equipment about
" $960 per pound with a range of $390 to $2,120; communications equipment
R about $930 per pound with a range of about $40 to $1,670; and airborne com- 1
. puters about $1,510 per pound with a range of $370 to $3,630. Based on a i
i typical mix of these types of equipment for a transport aircraft, an average ]
. cost per pound would be approximately $1,000. It is not surprising that this

cost for non-weapon related avionics from attack and fighter aircraft is
considerably more expensive than the cost of avionics for transport aircraft.

 grens

E\e*‘

R A ek S MO o
PEES

Lo

Thus, the typical cost of avionics and instrument equipment on transport
aircraft was assumed to be $620 per pound which is an average of $590 and I
$650. It should be apparent, however, that this cost might be increased sub-

stantially or reduced slightly 1f a more or less sophisticated mix of
equipment is required.

PR

HEN ke 2
waiies
N .

No specific cost information was available for "other" costs such as
installation hardware, circuitry and antennas.

- ]

 pam

In general these nonequipment
items represent about one half of instrument and avionics systems weights.

An average cost of $50 per pound was assumed for these items as discussed
*
in Section 4F.

z_

! .
e T e o o i it . - it A s

|

* Cost data provided in Reference 15, when adjusted to be comparable to costs
used in this study, indicated that a cost of $53 per pound was appropriate
for instruments and avionics components ocher than equipment.
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The above costs represent only subcontractor costs. In order to deter-
mine a total system level cost, they were adjusted by an approximate factor
of 1.33 as discussed in Sectinn 2C. The adjusted cost data were used to
develop the cost estimating relationships shown in Figure 4,10. The
brackets indicate the approximate range of weights for instruments and

" avionics.

4-78

— e - r

§——

-

A intehans i cac

Y Y




S

e e g ey = e . e

3 m .
430 SNALSAS SOINOIAV ANV SINIRNMISNI 0Ly 3In3dry ,
. iy it
3 (spuno ,,
- 1Y d) LHSIAM
) M v QC0‘0t £ 2 £ 9 g v € 4 000t 6§ 8L 9 ¢ 14 £ 4 00! ,
S J | ;
- 1T T T ] o1 |
ln uW w DRI . . - LY IEr - N i ’ T o ) .
» M , :
— ; ! ]
, . . . . A o . n
.A. e v ] ”
.n - . _
1 . o
. S - : : 1t =
N : ] M ,
t H .H i Q ” |
M — 1 e m .
\. : : N . ; 1
: : L s - s -~ :
SN S FEESS 25 i - 3
.. S =it ESE 1 ERE )
ipifii tig : SEE 1 & N -
piiiyiiiio i R iEs S > =+ R xR 1 ;
S =s S i T 1e © < :
.. ci e = . wl'o IREERE BT e . b eeefes LYY EIINNY RO iy . ﬂ f'
T EERER = = S Eemy e £ , 3
= : = FIETTRS SOR0E DI oo ..:....“. H.‘” AAREE ERETE T PPY PRPRY SIS IR DA I .
SR IR o oo g o 43699 s i SE Y DRREH ISR ! ho e 191 Vi ol ot 1ot U004 SRS DRBINE EEEEN o
T o o o o . S35 SRERNRRN i o : L3201 1OUOR FOUNY DODDY DRSNS DENIDES SN
MR S & ! Fesgs st SSS1 SSREE INRRRE i B (335 3R] EETRY 2w mem 1N IR RN 4 -
P S 07 PRSP SO0 ; oo Su B AR IR 2T R N SUDRE BI ; .
R ok 3222 RRREN RITIRTRT 10 oth: 15t 5223 A0R0S PR M.
EEE = gas S B EERER 33 2RSSR SR RIEE
PR o o Seo Lases Sy ot RSN ITERE RIS, i S 5550 SRR R oy
RN IR = = 55 5 3 Hitl IEEE R 5 I R E
e : I B . S |
HE IR e aes 35 3220 38a0d I H I 38 : VR R %
R B 12237 Ta8T: = igts s t——f— : iid P ,
$iiiyTEG .Mmm.m..m-l‘.u m : m o — i ; n mm~ 14
FEEEE I s P3RS ety " 3524 SRR I : SRR § S |
—— B I : [ B SR ] i
i HEE : — 1 SIINOIAV - -+ — |
N § I Tl e : N 4 I
S : HEEE T
fiiitlct I e ! P
z = Tiiiijiiri] 6
4 Z 1
1 . .
< .l amd e el
: . €« i : .
tword &4 e ke B e led bl peed e emel ol auw

e




| I B

[ i S

m_ ‘ e -y

K. LOAD AND HANDLING SYSTEM

Syatem Description

The load and handling system consists of fittings and structural pro-
visions for jacking, hoisting and mooring. Some military aircraft h-ve
stabillzer jacks to hold the aircraft in a rigid position during cargo
loading. '

bystem Costs

The load and handling system represents an insignificant cost in the
production of an aircraft (less than 0.1 percent). As such a minor item,
no independert research was devoted to this system. Because of its

similarity to and location in the body, it was. assumed .to.have the same
cost per pound.
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L. FINAL ASSEMBLY

Final assembly costa constitute a significant portion of the total
cost of an aircraft. As discussed in Section 2C, 25 percent of the subcon-
tractor costs including system-level.assembly is considered a reasonable

approximation of this cost.
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. SECTION 5
i DETATLED SYOSTEM WEIGHT ANALYSIS

. . The welght estimating relationships (WERs) derived in this study wern

3. gummarized in Table 3.1. In this section, the development of cach WER is

, discussed in detail. WERs wevre derived for each aiccraft system, as well

‘ as for major components nf several of the systems. Each system was described ‘
in Section 4 and a sumuary of these descriptions is presented in Appendix C.

These system descriptions correspond exactly to the standard weight groups

defined in Military Standard 1374, except that the Military Standard

combines hydraulics and pneumatics as one standard weight group and includes

the autopilot with flight controls.*'

=

S

i s
3

In the following subsections, weight and design or performance char-
actoristics for existing aircraft are presented for each system, and the
derivation of the WER or WERs is discussed. Speclal attention has been

S

given to small tramsport aiv:raft (take-off gross weight of approximately
150,000 pounds or less), and where appropriate separate WERs ave derived
to better predict weights for small aircraft. The special symbols used

: in this section were defined in Table :.2.

In general, data ave presented for 19 comwmercial and 7 military trans-
. ports including different mcdels of some of the aircraft. Three study
aircraft (the MDAT, SCAT-15, and AST(M)) are included in order to provide
a more comprehensive data base. The sources of weight data for each

of the aircraft considered were presented in Table 3.5,

Tn the various tables in this section, subtotals and totals for the
weight data are indicated by the symbols and by the level of indenture of
the descriptive term (i.e., the closer to the left hand margin the more

aggregate the data).

l * Leaving the autopilot as part of the flight controls system would have
required the arbitrary distribution of the flight guidance and control
1 system weight on newer aircraft between flight controls and avicnics
systems; whereae, the autopilot weight for older aircraft was readily
l availabie.
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A. WING, TAIL AND BODY SYSTEMS

Wing, tail and body systems have similar designs and use similar mater-
ials and methods of fabrication.

Weight and Design Characteristics f

Weight and design characteristics are presented in Tables 5.1 and 5.2
for 19 commercial and 7 military transports, respectively. -

Weight Estimating Relationships
Wing: .

The wing weight is sensitive to several wing design and geometry char-
acteristics. It has been shown that these variables can be combined into v
a wing design equation which for this study is calléd the bending material
weight index. This index, which is familiar to weight engineers, is: s

;- Ui iamman®® a2 v ywss s 13107

v 3
A'(t'/c) (cos Q c/4) 1+ )

This index is related to the wing box structure weight; the higher the index,
the higher the wing box structure weight required. The remainder of the

wing weight, the secondary structure weight, is related to the wing area
s,).

Therefore, the wing weight (Wi) was correlated with the bending material
weight index (Iw) and the wing area (Sw). For medium and large aircraft
(Sw greater than about 900 square feet), wing weight correlated well using ..
the functional form:

ul = a+ bI + cSw
The weight estimating relationship (WER) derived is:
Wl = 0.930 I +6.44 S + 390 Medium and Large
w w
Aircraft

The actual versus estimated weights for medium and large aircraft are shown
in Figure 5.1. The correlation is good except for the C-130 and C-133 wing
weights. These two aircraft have a lower design speed and much simpler high-
1ift devices.
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For small aircraft (S less than about 900 square feet; F-28 and smaller)

wing weight was correlated using the functional form:

1= atblu
S S
w w

The WER derived is:

W, = 4,24 Iw + 0.57 Sy

1 Small Aircraft

In contrast to medium and large aircraft, Iw is considerably more important
than Sw for predicting the weight of small aircraft. This is possibly
the result of less sophisticated control surfaces and lighter secondary
structure. The actual versus estimated wing weights for small aircraft

are shown in Figure 5.2,

Because the caiculation to determine the bending material unit weight
is rather involved, an alternative wing WER has been derived. This is
a function only of the takeoff gross weight. The data are plotted in
Figure 5.3. The alternative equation is:

W1 = 0.112 TOGW - 1,720

The SCAT-15 and AST(M) wing weights were not included in the derivation of
this equdtion. It must be cautioned that while the coefficient of correla-
tion is very high, that this WER is valid only for transports which are
similar in design to those which were used in the derivation of the WER.
This WER is not appropriate for newer designs such as STOL aircraft or

some suggested newer aircraft with higher aspect ratio wings which provide
greater fuel economy.

Tail:
The total tail area (horizontal and vertical) appears to be a reason-
able predictor of tail weight. The tail weight data are plotted against
this variable in Figure 5.4. The weight of a "T" tail is higher than the
weight of a conventional tail for the same tail area. This is obvious
for the vertical portion of a "T" tail must have extra stiffness and strength
to transfer the horizontal tail loads into the fuselage. The DC--10 tail
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weight is heavier than might be expected due to the split, dcuble hinged
rudder. And, the DC-10-40 is heavier than the DC-10-10 due to its higher
tail loads resulting from a higher design gross weight. On the other hand,
the C~130 and C-133 have lower tail weights because these air.raft have
lower design speeds and tails with lower sweep angles,

Separate WER equations were derived for conventional and for "T" tails.
The DC-10 data were not used because of its unique design as mentioned
above. The equations are:

2 = 5.03 St Conventional Tail

W, = 6.398 "' Tail

Body:

For the commercial aircraft, body weight correlated well with the
number of passengers. This was expected since all of the bodies in the .
data base have been designed for about the same pressurized loads and have
other fairly comparable design requirements. The number of passengers each
transport could carry was normalized by assuming all coach seating at =
seat pitch of 34 inches. This represents 6 abreast seating for the
DC-8 or 707, 9 abreast seating for the DC-10 and L-1011, and 10 abreast
seating for the 747. The body weight data are plotted versus the number
of passengers in Figure 5.5. Largef aircraft tend to have a higher fuselage
weight per passenger. In order to better fit the data, it was decided to
derive separate WERs for commercial transports with less than 100 passengers
and more than 100 passengers. The equations are:

s W3 = 161N - 5110 Medium & Large
P Alrcraft
Ws = 110 Np Smaii Aircraft

Derivation of the WER for small aircraft excluded the thirty and seventy
passenger medium density study airplanes because of the. .study stretch-
shrink ground rules for these two vehicles.
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For military aircraft, the body weight correlated well with the body
wetted area (Sb). The wetted area is the body wetted area without cutouts
and excluding wheel pod falrings. The cilitary body data are plotted
in Figure 5.6. Thaere fuselages are all pressurized and are fairly compar-
able in design. The C=-5A weight might appear to be high, but it has a

-geparate upper deck troop compartment, integral cargo loading system, and

a visor nose and ramp to permit nose loading in addition to the tail load-
ing capability. The military transport body WER derived is:

1,277

Wy = 0.467 S, Military Aircraft

3
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B. ALIGHTING GEAR SYSTEM

Weight and Design Characteristics

Weight and design characteristics for commercial and military trans~
port aircraft alighting gears are presented in Tables 5.3 and 5.4, respec-
tively. The alighting gear weight is broken out into the same four

“subsystems for which CERs were derived: structure, controls, wheels and
brakes, and tires.

Certain aircraft have special alighting gear features. The C-130E,
C-133B, C-5A and AST(M) have low pressure tires; the C-5A has kneeling,
crosswind prepositioning, and tire inflation/deflation provisions and the
AST(M) has a relatively high sink speed. 1In developing WERs, the alighting
gear system weights of these aircraft were adjusted to exclude these
special features. A description of these weight adjustments is presented
in Table 5.5. The low-to~high-pressure tire weight adjustments are
derived from parametric relations descriptive of each type of tire. The
adjustments for the special C-5A features are based on detailed weight

gtatements. The sink speed adjustment for the AST(M) is based on trade
(17)
study data.

Weight Estimating Relationships

WERs for the complete alighting gear system were developed separately
for medium and large commercial aircraft, small commercial aircraft and military
aircraft. Data for medium and large commercial and military aircraft are
plotted in Figure 5.7. Commercial transport alighting gears are wing
mounted whereas military transport alighting gears are fuselage mounted.
For the same takeoft gross ;Eight, the wing mounted commercial gears are
heavier than the fuselage mounted military gears because the wing mounted
struts are usually longer and because wing attach bulkheads and loadpath
material to the fuselag-. are -quired for wing mounted gears. Fuselage
attach bulkheads for both wi~g and fuselage mounted gear are included with
body. Therefore, separate WERs were developed for commercial and military

aircraft. As can be seen in Figure 5.7, the weight data correlated well
with the takeoff grous weight.
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Table 5.5

ALIGHTING GEAR WEIGHT ADJUSTMENTS

The alighting gear weights of the aircraft listed below were adjusted
as shown for correlation purposes in order to remove the weight effects of
special design requirements. No adjustments were made to the other aircraft.

C-130E

Group Weight Statement Weight
Low tq_High Pressure Tires

Adjusted Alighting Gear System Weight

C-1338
Group Weight Statement Weight
Low to High Pressure Tires

Adjusted Alighting Gear System Weight

C-5A
Group Weight Statement Weight
Low to High Pressure Tires

Removed weight increment resulting
from ¥neeling, preposition, and
inflate/deflate requirements

Adjusted Alighting Gear System Weight

AST (M)
Group Weight Statement Weight
Low to High Pressure Tires

Reduced sink speed requirements
from 20.5 ft/sec. to 10 ft/sec.

Adjusted Alighting Gear System Weight

5-20

Lbs/Airplane

5,077

- 500

4,577

11,062

- 946

10,116

37,628
- 5,836

30,209

9,360
- 641
- 2,700

6,019
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The equations are:

Wa = 0,0440 (TOGW) -~ 672 Medium and Large ;
Commercial ; ‘
' - .
W4 = 0.0439 (TOGW) - 2,050 Medium and Large Coy
Military B

L 1]

The data for small transports, all of which are commercial, are plotted in
Figure 5.8. The equation derived 1s: '

' *
W, = 0.0395 (ToGW) Small
The "prime" (') on WA indicates that these are equations for the basic alight- -

ing gear and do not include special features which are discussed below.

-t

Alighting gear WERs for each of the four subsystems were developed
by plotting the percent of total alighting gear weight for each subsystem =

; as a function of takeoff gross weight as shown in Figures 5.9 to 5.12. The
equations are:

-
]

| o W = W, [0.450 + 23.1 x 1078 (ToGw)) Structure

f Wy = wA' [0.130 - 6.56 X 10~8 (Tocw)] Controls -
g w4c = w4' [0.268 - 8.12 X 10-8 (TOGW)) Whezels and Brakes

| Wp = W, [0.152 - 8.38 X 107 (Toaw)  Tires -

é Adjustments aré required to the weights estimated with the WERs developed
above if there are special design features. These special design features
include: 1low pressure tires; high sink speed; and provisions for special
kneeling, crosswind prepositioning, tire inflation/deflation; and carbon
brakes in place of steel brakes. Adjustwents to the alighting gear weight

for these features are shown in percentage terms in Figure 5.13. The data -

used in developing the percentages are from Tables 5.3, 5.4 and 5.5. These

* Data for smalf?nil}tary transports, which are not contained in this report,

| indicate that: W,' = 0.0302 (T0Gd).
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special features all increase the weight of the alighting gear system cxcept
fo. the use of carbon brakes which decreases the weight, The equations

are as follows:

By

g

om v b 4 — -4

}

Add for Low Pressure Tires

' -
W = W' [0.125 - 0.0102 X 107 (10GW)]

4E 4

Add for Each Foot per Second Incrcase ir Sink Speed
]

W4F = 0.038 Wa

Add for Kneeling Pre-positioning and Inflate/Deflate ..
Requirements
t

W, = 0,184 W
4G 4
Subtract for Carbon Brakes

1
-6
Vg W, [0.0786 - 0.071 X 10™° (TOGW))
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C. NACELLE SYSTEM

Weight and Design Characteristics

Weight and design characteristics for nacelles are presented in Tables
5.6 and 5.7 for commercial and military transport aircraft, respectively.
The data base includes aircraft with wing, fuselage and tail mcunted engines.
The blanks in the table indicate that detailed data were not available for
those aircraft. Some additional data were available for sound-treated
nacelle designs from the NASA Short Haul Study, and these data are presented

4n Table 5.8.8)

Weight Estimating Relationships

Separate WERs were developed for the nacelle cowl and pylon. These
WERs must be adjusted for special design features such as an "S" Duct tail o

mounted nacelle and sound suppression treatment.

Cowl: i

At the outset of the study, it was expected that a correl~ti - Jf cowi ;
weight to engine thrust would be possible. However, the scatter of the o
data obtained by this relationship was too large to be of use in conceptual
design studies. This scatter 18 apparent in Figure 5.1 w'ere these data " W
are plotted. Such differences as engine dimensions (i.e., CF6 vs. JT9D),

Inlet dimensions (i.e., DC-8 vs. C-141), fan exhaust duct configuration . g
(i.e., JT8D), fan duct length, and by-pass ratio appear to make a general , . (
correlation of cowl weight to thrust impractical. \‘z

A cowl weight to frontal area relationship was then examined, but pure
area itself produced significant scatter due to the increase of inlet and
fan exhaust duct unit weights with size. It was felt that cowl weight might

A
be related to a weighted area index. The weighted area index or cowl [ 1
weight index was developed as discussed below.

Because of the wide variation of cowl designs, the cowling structure
gshould be divided intc several segments. As sliown in the diagrams for short
duct and lcng duct nacelles in Figure 5.15 the segments include: 1) the
inlet from the 1lip to the engine front face (Li)’ 2) the fan cowl
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Figure 5.18%

NACELLE DIAGRAM
SHORT DUCT NACELLE
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(Lf), 3) the fan exhaust ducting (Lfex) which includes the inner bifurcated
ducts as well as the outer cowl, and 4) the core cowl (Lc) which is an
important part of the fan exhaust ducting especially for long duct desigus.
The area weighted term for each of the first three segments is determined
by multiplying the fan diameter (Df) by the length of each segment and
by pt ( m ). Thus, the inlet area equals mL, Df in square inches or

m Li Dflléa in square feet. If a dimensional sketch of the cowl structure
is not available so that the lengths of the four segments are unknown, the
area can be estimated by using values for an existing design as given in
Tables 5.6, 5.7 and 5.8 and multiplying this ratio by the square of the fan

~ diameter, i.e. (Li/Df)" X (Df)z. The area of the fourth segment, the core

cowl area, is determined by multiplying the average core cowl diameter (5;)
by Lc and by T

Weight data were available for each of the four cowl segments, and
these weights were divided by the weighted areas of their respective seg-

_ments. The weights for these cowl segments were then plotted as a function

of fan diameter. It was found that tne unit weights of the inlet and fan
exhaust ducting increased significantly with fan diameter. However, the
fan ccwl and core cowl unit weights were essentially the same and their
values were nearly equal. The cowl segment unit weights (in pounds per

square foot) may be expressed as follows:

W
) 1 = 2.5+ 0,0238 D '

Inlet couvl: TL.D. /144 f

1°f

e
Fan cowl: TL.D. /144 1.9

ff
Fan exhaust. ...  "Fex = (2.5 +0.0363 D)
cowl: N'Lf D_/144

ex f
Core cowl: = 1.9

c
TL D /144
[

R




Therefore, it was possible to develop a cowl weight index by summing
the weights of the cowl segments and dividing by 1.9 m /144 = 0.0415.

The equation for this index is:

Ic = (1.316 + 0.0125 D ) Li £ + Lfo +

(1.316 + 0.0191 Df) Lfex Df + Lch

The cowl weight per engine is plotted as a function of this weighted area
index (I ) in Figure 5.16 and shows excullent correlation for conventional

eubsonic aircraft. Tail mounted nacelle weights are not included and are

discussed later.

The equation for the total nacelle cowl weight is:

wSA = 0.0415 NeIc

where: Ne i{s the number of engines, and Ic

is defined above.

As shown in Figure 5.16, the C-141A aircraft is above the line as it
is heavier due to blow-in doors in the inlet. To make the 747 nacelle
comparable to the others, each 747 nacelle is reduced by 337 pounds (238
pounds of inlet sound treatment and 99 pounds of flutter ballast). For
the JT8D engine on the DC-9, 727 and 737, the fan exhaust ducting is part
of the dry engine weight and, therefore, the outer cowl from the engine
front face to the engine rear face is included with the fan cowl area and

weight aince this is more representative of the unit weight for the outer

cowl only.

The effect of sound treatment on the cowl weight and cowl weight
index is shown in Figure 5.17 based on the data in Table 5.8. For example,
the by-pass ratio 6.0 engine cowl shows a* increase of about 28 percent
in weight and 32 percent in the cowl index as a result of one inch sound
treatment and lengthening of the inlet. Thus, for this example, therec is
a slight decrease in the unit weight of the cowl (wSA/Ie)' The weight of
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scund suppression rings and atruts 1s not included in the cowl weight

plotted in the figure,

Pylon:

A diagram of a typical wing mounted pylen showing the important cliar-
acteristic dimencions is given in Figure 5.18. Tail mounted nacelles are
discussed later. Pylons have four chqracteristicn which have a significant

effect on their weight. They are:

1) The demountable weight of the power plant pod (wdem)' This 18
the weight of the cowl (WSA) and the propulsion system including the dry
engine weight'(w6 + engine weight) but less the fuel syscem weight (waE).
Weights for engine mounted components such as hydraulic pumps (hydraulic
system) and generators (electrical system) were not considered since they
represent only a small portion of the demountable weight and since their

elimination simplifies the determination of pylon weight.

2) The horizontal disténce from the wing front spar to the demount-
able center of gravity (pr) which, when combined with wdem’ is an indicator
of the moment applied to the pylon. The center of gravity position of
various engine installations was examined and found to average about half
of the distance between the inlet lip and the tip of the tailpipe or
primary thrust reverser. Also, it was found that the moment (wdem) (pr)
should be increased about 20 percent for STOL type aircraft with sink

speeds of about 18 feet-per-second.

3) The height of the pylon box (pr). For pylons, as shown in the

. diagram, this value 1is the distance from the bottom of the wing to the

top of the nacelle. For high by-pass ratlo, short duct engines, this

value is usually the distance between the top of the core cowl and the

botiom of the wing. For pylons which extens above and around the leading edpe
of the wing, half the wing depth at the front spar .s added to this value.
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Figure 5.18
PYLON DIAGRAM
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4) The side profile area of the pylon (Spy)' This area can be
estimated from a nacelle inatallation sketch like that shown in Figure 5.18,

It was expccted that the pylon unit weight .(pounds per square feot
of side profile area) might be proportional to wdem and pr and inversely

proportional to pr and spy' This assumption may be expressed as follows:

E§§ - f’(!&yﬂilﬁﬂt)

H S
SPY Py PY
If a pylon index is defined as:
Na L
em
Ipy " H_ S
PY PY
then: W
.s._s_l}.-a"'bl
py 124

where: Wgy ‘= pylon weight, and

a and b are coefficients.

The pylon index helps to predict thc effect of cantilevering the engine off
vhe wing. The correlation of unit pylon weight with the pylon index results
in the following equation:

W = S Ne (8.0 + 0.0144 I

5B 134 PY)

where I v is defined above. The pylon weight correlation is very good as
indicated by the plot in Figure 5.19 of actual weight versus estimatec
weight using the above equation. The DC-10 pylons are shown only for
reference since they are heavier due to the addition of stiffness material
to reduce nacelle flutter. The fuselage mounted- DC-9 pylon also correlated
well by defining va as the distance from the side-of the fuselage to the
cowl and pr as the pylon thickness.

Tail!l Mounted Nacelle:

The weights of the tail mounted nacelles are shown in Figure 5.20.
The "S8" duct configuration shows a significant weight penalty relative to
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a normal wing or fuselage mounted nacelle. Based on the data for “he DC-10
design, the straight through duct tail mounted nacelle weighs about the '
same as the wing or fuselage mounted nacelle. Carry through structure .
between the tail and the fuselage for the straight through design including
both frames around the engine and the tail stub are included with the tail.
Body shell structure and support frames are included with the body.

Since the straight duct tail mounted nacelle weighs about the same
as a wing or fuselage mounted nacelle cowl and pylon, the WERs for cowl
and pylon discussed earlier are used. For a tail mounted nacelle with an

- ; "S" duct, the following weight must be added to the weight of the cowl '
. : and pylon determined from the WERs discussed earlier:

Weo = 3.04 [(Wg, + Wep)/N ] ~ (Wg, + Wp/N)

-
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D. PROPULSION SYSTEM (LESS ENGINE)

Weight and Design Characteristics

Weight data for the propulsion system are presented in Tables 5.9 and
5.10 for commercial and military transport aircraft, respectively. The
propulsion system ig divided into three subsystems: thrust reverser, fuel
system and engine systems. These are the same subsystems for which CERs
were derived. Related propulsion system design characteristics are also
presented in Tables 5.9 and 5.10; notations are given to indicate the types

of thrust reverser configurations. All thrusts are sea level, static and

uninstalled.

The data in Tables 5.9 and 5.10 include aircraft with wing, fuselage
and tail mounted turbofan and turbojet engines. In addition the proposed
CFM-56 engine is shown in one of its study configurations to indicate the
separate engine exhahst flow system weight without thrust reverser. The
C-133B aircraft, which has turboprop engines, was included only to provide

additional fuel system information.

Weight Estimating Relationships

Separate WERs were developed for the thrust reverser, fuel system and engine

systems.

Thrust Reverser:

The thrust reverser includes the exhaust system. Diagrams of thrust
reversers and exhaust nozzles which cover most of the current power plant
configurations are provided in Figure 5.21. Only one high by-pass fan
thrust reverser system is {1lustrated (a), as this is the only type of fan
reverser system used on aircraft in the data base. Other diagrams show
engine exhaust confi,urations for separate and mixed flow designs. Figures
(b) and (f) represent shcrt duct designs with and without thrust reversers.
The other three diagrams represent long duct designs with reversers (¢ and
d) and without reversers (e). The solid lines in the diagrams represent

the portion of the nacelle system that is covered by the thrust reversers

and exhaust sections.
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Figure 5.21
THRUST REVERSER AND EXHAUST NOZZLE CONFIGURATIONS

a)

Fan Exhaust Cascade Type Thrust Reverser
with Translating Sleeve.

(pDC-8-55, nC-10, 1.-1011, 747, and C-5A
(Type) ) -

b)

Engine Exhaust or Target Type Thrust
Reverser with Translating Sleevc.
(nc-8, NC-10, L-1011, 707, and 747 Type)

pe——r Lpex —~~r—-44
——— e |eLftr— —
-"_'r" ""’T—-'—--—b | *“'1' x\
| -? | Fan Exhaust Flow '1 b ?Engine Exhaust Flow
l —— e e s el
e el N Ryl
| £ | - - ol N
| - l 1Dt
L [ Pl \
- —_— - - e
c) d)

Simple Target Type Thrust Reverser with
Separate Fan and Engine Exhaust Nozzles.
(C-141A Type)

f~————— Lpex -

. Fan Exhaust Flow —D T
A

Engine Exhaust Flow —»
Dt I

Simple Target Type Thrust Reverser With
Mixed Flow Exhaust Nozzle.
(bc-9, 737, 727, DC-8-62 Type)

— e — Lpex
Fan Exhaust Flow\ ——
~a T

) ,:‘}:q},\\ T

| Engine Exhaust Flow--»-—

————— e+ e O

e)

Separate Flow Engine Exhaust Nozzle
Without Thrust Reverser.

‘-t—-——————-[_pex s |
N Fan Exhaust Flow—-—#-,—\

== ‘ Engine
|
{pt Exhaust Flow —>

|
il
Hig!
'

- - e -

|
RTINS W S

£)
Short Duct Engine Exhaust Nozzle

Without Thrust Reverser.
(KC-135A and C-5A Type)

.- ~sﬂ.l.‘__l.pex
- -_/W"ﬂ‘rk
by

Engine Exhaust Flow

:: I'Ht
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Thrust reverser weights vary considerably depending on configuration.
it was, therefore, necessary to develop separate WERs for each of the six
thrust reverser types shown in Figure 5.21. There are two characteristics
which have a signif.cant effect on the weight of the thrust reverser. The .
firat is the enclosing area of the thrust reverser (and exhaust gystem).
For fan reversers, the area is approximately the fan diameter times the
length of the fan thrust reverser translating nozzle ( 7 D, Lftr/144). For
the engine exhaust section, the turbine exhaust flange diameter times the
length of the engine exhaust nozzle is used ( 7 Dt Lpexlldé). If D, and
Lpex are not known, they can be estimated by using values for the ratios
Dtlnf and Lpex/Lftr and dimensions Dt and Lftr from an existing design, as
given in Tables 5.9 and 5.10, that is similar to the desired design.

The second important characteristic is engine thrust. Where the
engine has both a fan thrust reverser and engine exhaust thrust reverser,

the total thrust (T) is split based on the engine by-pass ratio (BPR) as

follows:
T . (BPR)(T)
ftr 1 + BPR
T - ....'_r.———
ptr 1 + BPR

Total thrust and by-pass ratio are given in Tables 5.6 and 5.7.

The weights of the thrust reversers were ‘orrelated with thrust and
enclosing area of the thrust reverser in order to develop WERs for each

type. The unit weight equation has the following form:

W T
"6 = f (atb =+ )
DL DL

For fan thrust reversers:

T

W
6A1 - ftr
~ 10.0 + 0.0.20
TrDf Lfttllaa “Df Lftr/léh
where! w6A1 = fan thrust reverser weight
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Note that the zero intercept is about 10 lb/ftz. The WER {18 therefore:

Weap = (0.218D L. +0.0120T, )N

The correlation is very good as indicated by the plot of actual weights
versus estimated weights in Figure 5.22. Due to the short fan thrust
reverser design for the 747, its fan cascades are partially stowed over the

aft section of the fan case. This accounts for the relatively low 747 weight.

For engine exhaust reversers and nozzles:

T
Wea2 = a+b ptr

- mTD L /144
ﬂ‘Dt Lpex/laa t pex

where: w6A2 = engine exhaust reverser and nozzle weight and

a,b are coefficients.
The WERs for the different configurations are:

Cascade or Target Type Reverser with Translating Sleeve:
Yea2 = (0.179 Dt Lpex + 0.0389 Tptr) Ne

Simple Target Type Reverser with Separate Flow Exhaust Nozzle:
Wepr = (0.131 D, Lpex + 0.0239 'rptr) N,

Simple Target Type Reverser with Mixed Flow Exhaust Nozzle:
w6A2 = 0.105 Dt Lpex + 0.0122 Tptr) Ne

Separate Flow Engine Exhaust System Without Thrust Reverser:

Wea2 ™ (0.113 Dt Lpex + 0.0144 Tptr) Ne

Short Duct Engine Exhaust System W{thout Thrust Reverser:

w6A2 = (0.096 Dt Lpex + 0.0094 Tptr) Ne
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Correlations are very good as shown by the plot of actual versus estimated
weights in Figurc 5.23.

Fuel System:

Fuel system weight was correlated with several different character~.
istics including fuel vclume, number of tunks and wing span. Wing span
(Lw) times the number of fuel tanks (th) provided the best results. The
wing span indicates the run lengths for fill, distribution and vent plumb-
ing. The number of tanks indicates the number of pumps and valves. The
fuel system weights are plotted in Figure 5.24. Separate WERs were developed
for commercial and military aircraft. The underlying reasons for the large
differences between commercial and military aircraft are not known. Some
differences were found in the fuel distribution system, but there were
insufficient data to determine the reason for these differences as no

‘cvidence was found which would indicate appreciable design philosophy

differences hetween military and commercial transports.

The WERs are:

Weg = 2.71 (L, th)°'956 Commercial

WGB = 0,920 Lw th Military

Weights for supplemental fuel tanks are excluded for the purposes of
comparability among the aircraft. however, aiicraft statistical data
and design study vesults indicate that unit weights for supplemental tanks
range from about 0.5 1b./gal. for integral or bladder type belly tanks to

1.0 1b./gal. for self-contained metal type tanks.

Engine Systems:

The engine system wefghts shown in Tables 5.9 and 5.10 vary consider-
ably due in parct to differences in engine operating requirements (e.g., water
injection and auto throttle). Also, in eome cases the crgire systems may be

included as standard equipment on the dry engine. However when the engine

e a ET i— daian



Figure 5.23
ENGINE EXHAUST THRUST REVERSER AND NOZZLE

ACTUAL WEIGHT Vs, ESTIMATED WEIGHTS* é
(Pounds per enginc) '
|
{
I I :
J S !
| i
WGight includes Thrust Reverser Installation, Tallpipe, Bullet Lo
and Cowl Structure aft of exhaust norzle attach flange : | ;
o
1200
100 I
1000 .
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300
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o !
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100
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;' system weights were adjusted to delete water injection and auto throttle,

' the systems for the MDAT 70, DC~9-10, BAC-111, DC-9-30, 737-200, 727-100,
727-200, NC-8-62, DC-10-10, DC-10-40, and C-5A seem comparable. For these
models, the adjusted weight per engine rsnges from 84 to 151 pounds with
no correlation to engine size. Thus, an average of 117 pounds is appropriate.
If auto throttle is included, the average weight is 133 pounds per engine.
Either of the two values should provide satisfactory advance design weights.

W = 117 N Without auto throttle
. 6C e

W‘c' = 133 Ne With auto throttle. ..

i
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E. FLIGHT CONTROLS AND HYDRAULIC SYSTEMS

The flight controls and hydraulic power systems weights are combined
for weight correlation purposes because of variations in functional weight

allocations and sstem interpretation among eircraft manufacturers, and

';:
}
%.
I
i

also because a large portion of the aircraft hydraulic power system is
designed by the flight control hydraulic actuation requirements of flow
rates and system redundancy. These requirements create a natural inter-
dependence between the two systems and it is, therefore, difficult to
develop separate WFRs that are meaningful. However, approximate WERs are
developed for each system based on its percentage of tbh combined flight

control and hydraulic systems weight.

Weight and Design Characteristics

Weight and design characteristics for the flight controls and hydraulics

 systems are presented in Tahles 5.11 and 5.12 for commercial and military

aircraft, respectively. The flight control system weight excludes the
autopilot which is included with the avionics system as discussed earlier.

Weight Estimating Relationships

A major influence on the weight of these systems is whether a single
hydraulic or multi-hydraulic system is used. The 707, DC-8 and KC-135
aircraft have single hydraulic systems which means a lighter hydraulic
systém that uses more mechanical controls. Control surface area and the
combined wing and tail area also correlate with combined system weight.
Weight '3 shown as a function of control surface area in Figure 5.25. The

equaticns, which represent the two curves, are:

0.973

W, +W, = 87,0+ 2.17 Scs Single Hydraulic System

7 8
W, + W, = 360 + 2,525 Scs Multi-Hydraulic System

Alternative equations were also developed based on combined wing and
tail area. The tail area 18 weighted by a factor of 1.44 based on tha
relative wing and tail flight comtrol weights. Weight 18 shown as a
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function of the wing and tail area* in Figure 5.26. The correlation is still
good except that the AST(M), which has almost double the control surface

area of conventional aircraft, does not correlate well,

The alternate equations are:

w7 +Wg = 45.0 + 0.269 (Sw + 1.44 St)l'106 Single Hydraulic System

) Wy + Wy = 45.0+ 1.318 (S_+ 1.44 S ) Multi-Hydraulic System
(s, + 1.44 S) < 3,000

Wy +Wg = 18.7 (5 + 1.44 st)°'712- 1,620 Multi-Hydraulic System

(Sw + 1.44 St) > 3,000

Since it may be easier during preliminary design to determine the wing and
tail area than the control surface area, the last three equations may be
preferred. These are satisfactory except for unusual designs such as a STOL

type aircraft.

Separate WERs were developed for the flight control system and the
hydraulic system by examining the ratio of the hydraulic system weight ‘to
the combined systems weight. This ratio, expressed as a percent, is plotted
as a function uf control surface area and of wing and tail area in Figures
5.27 and 5.28, respectively. Since there is no clear correlation of these
ratios with control surface or wing and tafl areas, averages for single and
for multi-hydraulic systems are used. For this purpose, non production air-
craft (the MDAT series, SCAT-15 and AST(M)) were excluded.

The equations are:

w7 = 0,769 (W7 + Ws) Single Hydraulic System
- w7 = 0,728 (N7 + wa) Multi-Hydraulic System
i  V ws = 0,231 (W7 + Wa) Single Hydraulic System
'1 W8 = 0,272 (w7 + wa) Multi-Hydraulic System

+
.

SR,

* The DC-10 area includes only the portion of the vertical tail above the
engine,
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Emerging Technologies

The flight controls and lLydraulic systems would be greatly affected
by implementing new, power-by-wire technology. The estimated effect on
the total aircraft weight of changing to wire controls or active controls
on the DC-9 and DC-10 is shown in Table 5.13. Component weight differences
resulting'from reduced static stability (RSS), gust load alleviation (GLA)
and maneuver load alleviation (MLA) are tabulated. The structural weight
increments with RSS represent reductions in tail size, in fuselage bending
moments due to a smallev tail, in wing loads due to greater up tail loads
for a balanced flight condition and an increase in alighting gear strut
length to maintain adequate aircraft rotation for constant field length.
The longer strut is required because the wing with RSS is moved forward for
balance purposes as a result of the further aft center of gravity limit
positions. Additional structural weight is saved because the gust load
factor can be reduced and the center-of-pressure of the maneuver wing load
aan be shifted inboard. Care must be taken that the weight savings
with the additions of GLA and MLA are coordinated with other design condi-
~ions which are no* affected by GLA and MLA but which may become critical
before the full advantage of GLA and MLA can be realized.

The DC-10 flight controls are readily adaptable to active control
technology since the DC-iO is configured with a four-channel autopilot
and full power flight contr:ls. However, the DC-9 flight controls and
electrical power system would have to be changed to provide the increased
capabilities demanded by all active control functions. Therefore, systems

weight penalties to the DC-9 are significant.
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F. ELECTRICAL SYSTEM

Weight Characteristics

System and component weights of the electrical systcem are presented
{in Tables 5.14 and 5.15 for commercicl and military aircraft, respeetively.
The miscellancous equipment and wiring weight includes racks, shelves and-
connection wiring for operational equipment. Fur the Douglas commercial
aircraft, the miscellaneous equipment is included in the AC distribution

system,

Weight Estimating Relationships

The electrical system weight was found to correlate well with the
number of passengers (data from Table 5.1) for commercial transports and
with the body wetted area (data from Table 5.2) for military transports.
These data are plotted in Figures 5.29 and 5.30. The commercial transport
data were correlated without the 707,. 747 or SCAT-15. The lighter 747
weight can be attributed to the dual system low intensity cabin lighting
system and to the utilization of four engine driven 60 KVA generators. By
contrast the heavier DC-10 weight can be attributed to the triple high
intensity lighting system, which includes integral air conditioning plenium/
lighting supports and three 90 KVA engine driven generators. The differ-
ence between the 747 and the DC-10 lighting system weights is due to
different design philosophies and weight allocation for the support/pleniums.
The different generator capacities on the 747 and DC-10 are because of
different engine out and dispatchability design requirements. Sufficient
data were not available to determine why the 707 and SCAT-15 were high.

The military transport data from Table 5.15 were supplemented with
data for small military transports (C-1A, C-119F, C-123B, DHC~6 and AC-1)
in Figure 5.30. This figure indicates different electrical system WERs

for small and for medium and large military transports.
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The equations are:

W, = 16.2 Np + 110 Commercial

Wy = 0.508 S Military S, S 4,500

W, = 0.0919 s + 1,870

9 b Military S
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G. PNEUMATIC, AIR CONDITIONING AND AUXILIARY POWER SYSTEMS

The pneumatic, air conditioning and auxiliary power systems are com=
bined for weight correlation purposes vecause of different functional
weight allocations and system interpretation among aircraft manufacturers.
Significant portions of the aircraft pneumatic and auxiliary power systems
are designed by ground cooling requirements with a full passenger load for
commercial aircraft and by engine start requirements for military aircraft.
The ice protection systems are considered separately because of significant
differences in anti-icing requirements among the aircraft (e.g., not all

aircraft have wing or tail anti-icing provisions).

Because of the interdependence among these systems, it is difficult
to develop meaningful WERs for the separate systems. However, separate
correlations were done with and without the auxiliary power system. This
gave equations for the auxiliary power system alone (the difference between
the two correlations) and the combined air conditioning and pneumatic systems.
The latter equation was then divided between air conditioning and pneumatic

based on approximate weight percentages.

Weight Characteristics

Weight breakdowns for the pneumatic system are presented in Tables
5.16 and 5.17 for commercial and military aircraft, respectively. Weight
breakdowns for the air conditioning system are presented in Tables 5.18
and 5.19 for commercial and military aircraft, respectively. Auxiliary
power system weight breakdowns are presented in Tables 5.20 and 5.21 for

commercial and military aircraft, respectively. Aircraft without auxiliary
power systems include pc-8, 707, 727-100 and KC-135.

Weight Estimating Relationships

Combined systems weights with and without the auxiliary power system
were found to correlate reasonably well with the number of passengers (data
from Table 5.1) for commercial transports and with body wetted area (data
from Table 5.2) for nilitary transports. Data are plotted in Figures 5.31
and 5.32. The DC-8 and C-133 weights are exceptionally heavy. . The
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pneunmatic system on the pC-8-55 uses steel ducting and the DC-8 air condi-

tioning system uses a freon cooling system which requires an evaporator, -
condenser and an extra compressor. The C-123B APU weight is very high
due to the use of two gas turbine units to provide utility hydraulic and .

electrical power in addition to providing primary bleed air for air ‘
conditioning and pneumatic systems. Therefore, the DC-8 and C-133 were

excluded from the correlationms.

The equations are: a ]
"10 + wll + W13 = 26,2 N 0.944
! P Commercial .
a~ Wig + Wy, = 13.6 N 1
; Wpg+ Wy, +W, = 23.4 sbo'sl‘5 ]
: 0.560 Military
“10 + “11 = 15.6 Sb

The auxiliary power system WERs were obtained by subtraction of the

L e

above equations. They are:

W.. = 26.2 Np°°94“ - 13.6 N Commercial

13
0.545 0.560 C

W Military

= 23.4 Sb - 15.6 Sb

13

Separate WERs were developed for the air conditioning system and
pneumatic system by examining the ratio of the pneumatic system weight to
the combined systems weight. This ratio, expressed as a percent, is :
plotted as a- function of Np and Sb in Figures 5.33 and 5.34, respectively. b |
Since there is no clear correlation of these ratios with Np and Sb, an
average is used. The average for commercial aircraft is 28 percent and for ' r
military aircraft is 31 percent. The average for all aircraft is 29 percent.

Therefore, the equations are:

W = 0.290 (Wlo + wll)

10

W = 0.710 (Wlo + wll)

11
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H, ANTI-ICING SYSTEM

Weight and Design Characteristics

Anti-icing system weight breakdowns are presented in Tables 5.22 and
5.23 for commercial and military transports, respectively. Weights are
tabulated by wing, tail, air induction (nacelle) and miscellaneous ice
protection functions.

There are five major configuration differences among anti-icing systems:

e aircraft with air induction (nacelle) anti-icing only,
e aircraft with nacelle and wing but without tail anti-icing,
e wing mounted turbofan or jet engines with tail anti~icing,

e fuselage and/or tail mounted turbofan engines with tail.
anti-icing, and

e wing mounted turboprop engines with tail anti-icing

There are minor configuration differences within these categories. For
example, both the KC-135 and 707 have electrically rather than pneumatic-
ally anti-iced tail surfaces. There are also differences between aircraft
in what is included in the anti-icing system. For example, the 707 anti-
icing weight includes 166 pounds of wiring and controls in the tail, but
the KC-135 includes only 20 pounds.

Weight Estimating Relationships

Because of the many differences in anti-icing systems, weight correla-
tions are difficult. Separate correlations were tried for the five major
configurations mentioned above using wing area. The choice of wing area
is based on the fact that most aircraft have wing anti-icing requirements.
However, wing area is also an indicator of aircraft size and is, therefore,
an indicator of the general size of duct runms. Anti-icing weights are shown
as a function of wing area (Sw) in Figure 5.35. <here is much scatter in
the data even for the same configuration. For example, the weight difference
between the DC-10-10 and DC-10-40 1is mainly in the air induction system

because of design requirements peculiar to the CF-6 and JT9D engine installa- -
tions, respectively.
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Figure 5.35
ANTI-ICING SYSTEM WER
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Alrcraft with fuselage and/or tail mounted engines usually have heavier

anti~icing weights because separate hot air ducts must be routed from the

aft fuselage engine location te the wing.

The anti-icing weights for atir-

craft with turbo-prop engines reflect the additional components required

for the propeller anti-icing systems,

Based on averages for the different configurations, anti-icing system

WERS a.e:
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Nacelle Air Induction and Misc. Only

Wing Mounted Turbofan or Jet Engines
Without Tail Anti-icing

Wing Mounted Turbofan or Jet Engines
with Tail Anti-icing

Fuselage and/or Tail Mounted Turbofan
Engines with Tail Anti-icing

.. Wing Mounted Turboprop Engines with
Tail Anti-icing
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1. FURNISHINGS AND EQUIPMENT SYSTEM

Weight_and Design Characteristics
Weight and design characteristics for the furnishings and equipment
system are presented in Taples 5.24 and 5.25 for commercial and military

aircraft, respectively.

Weight Estimating Relationships

The furnishings and equipment system weight was found to correlate
well with the number of passengers for commercial transports and with the
body wetted area for military transports. These data are plotted in Figures
5.36 and 5.37. Separate WERs were developed for medium and large tramsports
and small transports. The difference between the two sizes occurs at about
80 passengers. The military transport furnishings and equipment weights
gshown in Figure 5.37 have been adjusted for comparability between aircraft
by removing the weights of troop seats, cargo and aerial delivery systems,
food, water, ditching and survival equipment, litters and supports, and the
oxygen system. The military transport data in Table 5.25 were -upplemented
with data for small military transports in Figure 5.37. An extrapolation
of the medium and large transport data would have indicated a very high
weight for small transports, but the supplemental data provides a basis for

a separate WER for small military transports.

The equations are:

“14 = 62.3 Np + 220 Commercial
N < 80
p
wla = 118.4 Np - 4,190 Commercial
N > 80
p
"14 = 0,650 Sb Military
S, < 4,500
w14 = 0.271 Sb + 1,710 Military
Sh > 4,500
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J. INSTRUMENTS SYSTEM

Weight Characteristics

Weight breakdowns for the instruments system are preaenﬁed in Tables

5.26 and 5.27 for commercial and military aircraft, respectively.

.. Weight Estimatingﬁgglationships

';d The instruments system weight is very hard to correlate since the num-
. ber and types of components depend on many things such as number of engines, ]
; length of wire run from the signal input point to the cockpit, degree of
:. sophistication and redundancy, and the type of visual display. To obtain
the best results, fuel quantity related, propulsion related, and all other

gy 4

{nstruments were correlated separately. The weights of the instruments in
each category were correlated with several independent variables. For
example, fuel quantity instruments were correlated with fuel volume (data
from Table 5.9), the number of fuel tanks, and wing span times the number of
. fuel tanks. The best correlation for fuel instruments weight was with fuel
v volume; this is plotted in Figure 5.39. The best correlation for propulsion

instruments (engine and fuel flow instruments) weight was with engine thrust
.a (data from Table 5.9). Propulsion instrument weights per engine are plotted
in Figure 5.39. The weight of the other instruments was best correlated

S R P

with the number of passengers (data from Table 5.1) for commercial trans-
ports and with the body wetted area (data from Table 5.2) for military

e e A - o s A

transports. The other instruments weights are plotted in Figure 5.40. :
Data for commercial and military transports were included in the same corre- ;
lations. Therefore, for "other" instruments a dual scale was used based on
an approximate relatiénship between number of passengtrs and body wetted

area.

.

Weights for the C-5A, MDAT-30 and MDAT-70 were not included in the
l correlations because the C-5A used extraordinary weight saving techniques
and, because of study ground rul-s, MDAT-30 and MDAT-70 instrument weights

were not modified in accordanc. with geometry changes.

Although there 1s considerable scatter indicated in the plots in
Figures 5.38, 5.39 and 5.40, approximate WERs were derived as follows:

5-103
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“ISA = 0.00714 G + 34 Fuel Quantity Instruments
Wisg ™ (0.00145 T + 30) Ne Propulsion Instruments
"1sc = 1,872 N + 128 Other Instruments
P Commercial
"150 = 00,0540 Sb + 126 Other Instruments
Military

These equations can be combined as follows:

W

15 " 1.872 Np + 0.00714 G + (0.00145 T + 30) Ne + 162 Commercial

W = 0.0540 s

15 + 0.00714 G + (0.00145 T + 30) Ne + 160 Military

b

As mentioned in Section 4, instruments are composed of two general
categories of items - equipment (e.g., "blackboxes") and other items such
as installation hardware and wiring. Each category accounts for about ..
half of the total instrument system weight.
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K. AVIONICS SYSTEM

Weight and Design Characteristics

The avionics weight and design characteristics are presented in Tabhles
5.28 and 5.29 for commercial and military aircraft, reaspectively. The
design characteristics are given to aid in interpreting the weight data.
Major weight differences are associated with customer requirements, certifica~
tion goals, and type of equipment (e.g., vacuum tube vs. solid state).
Minor weight differences are associated with equipment locations and fusc-
lage size. Conventional versus automatic landing introduces a negligible

$t— § b o B 8 =

weight penalty to the avionics system, but the latter must have anti-throttle,
which is included with the propulsion controls.

§

. Weight Estimating Relationships
bkl Avionics systems were classified into six categories for weight correla-

-- tion purposes as follows:

ii . 1. General Aviation
, 2. Category I or 1II Domestic
ve 3. Category I or II Overwater
. 4. Category I1II Domestic
5. Category III Overwater 1
6. Military

These avionics categories account for the major differences in avionics weight

l’*;

among transport alrcraft. For a given category, aircraft size will also

have some effect on the avionics weight. i

WERs were developed for the fivst five avionics categories, all of i

which are related to commercial transports, using the following method.

*
for each category. Then, the effect of aircraft size on avionics weight was

* The MDAT-30, 747 and SCAT-15 avionics weights were not used in computing
the averages. The MDAT-30 was sized from the MDAT-50 and assumed to have )
an identical avionics weight. The 747 avionics weight includes a large
compliment of movie projection equipment. The SCAT-15 is a special case.

5-111
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determined. For passenger aircraft, the avionics subuystem affected most
by aircraft size is the internal communications subsystem which includes
the public address and entertainment systems. The average pounds per
passenger for internal communications is 1.5 pounds per passenger. In
order to determine the effect of aircraft size on the remainder of the
avionics weight, a comparison was made between the DC-9-10 and DC-9-30 as
equipped for the same customer. The difference in avionics weight (less
internal communications) between these two aircraft is 39 pounds. Since
the DC-9-30 carries 30 more passengers, the added avionics weight (less
internal communications) is 1.3 pounds per passenger. Therefore, for
passenger aircraft, there is a total avionics weight variation of approxi-
mately 2.8 pounds per passenger. Finally, for each category, an equation
is derived which has the following form:

| W16 = 2,8 Np +C
"c" is a constant which is determined from the average weight and average
number of passengers for each category. The weight data and WERs are
plotted in Figure 5.40. The commercial aircraft avionics WER's are:

W6 - 2.8 N, + 370 General Aviation

W16 = 2.8 Np + 1,010 Category I or II Domestic
w16 = 2.8 Np + 1,380 Category I or II Overwater
W16 = 2.8 Np + 1,970 Category III Domestic

W16 = 2.8 Np + 2,320 Category III Overwater

The weight difference indicated by the equations for category I or 1I versus
category III avionics is about 950 pounds. Studies indicate the actual
difference for converting from categorf IT to category III.is approxiﬁately
300 pounds. The additional 650 pounds is characteristic of wide-body
aircraft which include passenger entertainment, increased flight guidance
reliability and maintainability, and performance monitoring.

The military WER is derived by correlating the military avionics weight
with body wetted area. The result is very close to the category III overwater

5-115




Figvre 5.41
AVIONICS SYSTEM WERs
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% In addition to Category III avionics, these aircraft include approximately
‘ 650 pounds for paseenger entertainment, increased flight guidance reliabil-
ity and maintainability, and perfomance monitoring.
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WER for passenger aircraft, given the typical relationship of body wetted
I area to number of passengers. The military weight data and WER are plotted
I in Figure 5.40. The WER is: ' '
W16 = 0,10 Sb + 2,330 Military
: l As mentioned in Section 4, avionics are composed of two general cate-
N _ gories of items - equipment (e.g., "blackboxes" or units) and other items
IR ll such as installation hardware, wiring and antennas. Each category accounts
= ' for about half of the total avionics system weight as shown by the "Ratio
T l of Units to Total" in Tables 5.28 and 5.29. ]
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L. LOAD AND HANDLING SYSTEM

Weight Characteristics and Analyeis

The weights for the load and handling system are shown in Tables 5.30
and 5.31 for commercial and military transports, regpectively.

Weight Estimating Relationships

Since the weight of the load and handling system has a negligible
effect on the overall aircraft weight, average load and handling system
weights for commercial and military transports are recommended for use in

preliminary design studies.

The weights are:

b §

W17 = 50 Commercial
Wy = 130 Military
.
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APPENDIX A
ESTIMATING ACTUAL COSTS FOR COMMERCIAI, AIRCRAFT

The actual cost of a commercial transport aircraft is known only to
the aircraft manufacturer that builds it. However, in order to check the
reliability of the CERs developed 11 this paper as applied to commercial

- aircraft, it is necessary to estimate the actual cost, even 1f only

approximately. A methodology for estimating the actual cost based on pub-
lished price data is described below.

The price of a commercial aifcraft tends to be constant (excluding
inflation) for all units producedsl3)* Therefore, a buyer can typically
purchase either the 10th unit or the 150th unit for the same price
although the 10th would cost the manufacturer considerably more because
of learning curve effects and the fact that non-recurring (e.g. design,
test and tooling) costs are amortized over a much smaller quantity. Thus,

"nn

the manufacturer incurs u defecit for the first "n" units sold and there-

after makes a profit.

If the manufacturer's non-recurring costs and breakeven point ("n")
were known, then the actual cumulative average cost of '"n" units could be
determined. By using an approximate range of values for the non-recurring
costs and breakeven point, the actual cost for "n" units can be approxi-

mated. Then, by using an 86 percent learning curve slope, which is typical

* The actual selling price may vary depending upon negotiations at the
time of the sale that take Into consideration items such as the
quantity of aircraft and spare parts ordered and the prep.yment
schedule which, in essence, provides the aircraft manufacturer with
an interest free loan by requiring the purchaser to pay as much as
one third of the purchase price as early as nine months before delivery.
The foregone interest on this amount represents a substantial cost
to the purchaser (2 to 3 percent of the sales price) that is not
reflected in the sales price of an aircraft.
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for the aircraft industry, the cost for a quantity different from "n" (e.g.,
CACloo) can be determined.

This methodology has been applied to the DC-10-10 as follows. The
reported selling price (less engines) is $18.2 million in 1975 dollars.(la)
This amount includes items unrelated to the cost of producing an aircraft
such as warranties, check out flight and state and local taxes. These
items amount to about 4 percent of the reported sales price and when sub-
tracted from the sales price result in an adjusted sales price of $17.5
million. Assuming that non-recurring costs are between $800 and $1,200
million and that the breakeven is between 300 and 400, the CAcloo is

*
estimated as follows:

Non-recurring Costs

Breakeven $800M 1,200M
300 units $18.8M $17.24 |
500 units $21.0M $19.6M

The average CAC100 ig $19.2 million which 1is about 5.5 percent higher than
the sales price. The estimated acftual cost must be multiplied by a factor

of 1.1 (which represents a nominal 10 percent profit as discussed in Section
2) to achieve comparability with the CERs summarized on Table 2,1. The
resulting estimated actual price is $21.1 million for the DC-10-10 as
indicated on Table 2.3. Similarly, the estimated actual cost of $3.9 million
for the F-28 in Table 2.5 is 16 percent (1.055 X 1.1) greater than the
reported selling price of $3.4 million.

WFor cxample, $17.5 million X 300 = $800 million + CAC30° X 300, Therefore,

CAC300 = $14.8 million and CACloo = $18.8 million.

-~

—.



';—~4~.../~"»«J
T P

APPENDIX B
DESCRIPTIONS OF RECURRING COST ELEMENTS
USED BY ATIRCRAFT MANUFACTURERS*

IN-HJUSE PRODUCTION includes all labor and raw material related to

the production of major components and subassemblies by the aircraft

S aarten A

PSRN SR S OG-~ VoY T

$— = == E e

manufacturer. It includes the following cost elements which are described
below: Fabrication, Sustaining Engineering and Sustaining Tooling Labor;

and Raw Material.

. Fabrication labor performs operations in the manufacturing of
detailed parts from raw material which includes cutting, molding,
forming, stamping, stretching, machining, heat treating, anodizing,
plating, etching, and deburring. It also includes shop coordina-

[

e

tioa, and material expediting.

Sustaining Engineering labor includes technical staff support,

- customer engineering and product development engineering labor.

Sustaining Tooling labor is expended for the modification and

repair of jigs, dies, fixtures, molds, patterns, and other manu-

facturing aids.

Raw Material includes all raw material such as sheets, bars, and

tubes as well as castings, forgings, and extrusions.

SUBCONTRACTOR includes all major components and subassemblies that

are not produced by the aircraft manufacturer. Two cost elements are

included: Outside Production and Purchased Equipment.

outside Production typically includes major subcontracted icems such

as the power pack (nacelle and thrust reverser), landing gear (nose

and main gears, wheels, brakes and tires) and body and wing sections.

* The terminology and grouping of clements vary for different manufacturers,




Purchased Eguigment'typically includes flight controls f{control
columns, rudder pedals, electrical controls aud hydraulic and
mechanical and actuators); hydraulics (pumpy, manifeclds, rcser-

voirs, filters, plumbing, vaives, instruments); electrical (gencra-

o

tors, battery, wire, 1ights, power convursion equipment, power

distribution and control equipment, and lighting); pneumatics

(valves, ducts, manifolds); air ccaditioning (environmental

control systems, instrumentation, valves, controls); anti~icing ‘
(ducts, electrical); auxiliary power unit; furnishings and equip- .
ment (seats, galleys and lavatories); instruments (flight and naviga-

tion systems) and avionics (communication, flight and navigation).

IN-HOUSE ASSEMBLY includes all labor provided by the aircraft manu-

facturer that is required in order to integrate major components and 8su>- ’ ‘
assemblies into a finished aircraft. The following cost elements are
included: Quality Control, Minor Assembly and Major Assembly. : ;

Quality Control labor is concerned primarily with inspection of
production and tooling hardware, and preparation and verification
of tests and associated paperwork. Inspection of subcontractor
supplied items, both in plant and out of plant, are considered

to be overhead costs.

Minor Assembly labor includes those operations that contribute to

the manufacturing of an end item consisting of two or more fab-
ricated parts and/or the joining of two or more assembled parts
into a major component. This may be accomplished by welding,

riveting, soldering, bolting, bonding or other fastening methods.
Major Assembly labor is broken into three subcategories:

1. Sectional Assembly labor includes the effort that produces

assemblies which are manufactured and controlled to a unique
configuration of a specific airplane. It includes both
"non-position" and "fixed position" stages of the airframe

construction. The "non-position' operations can be set up
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in any factory location where space is available and usually
result in subassemblies that will be used in the "fixed
poaitions." The "fixed positions" in the factory arca can
result in a completed structural subsection or a whole

section.

2. Installation and Checkout labor operations are performed in

installing non-structural equipment and systems in an air
vehicle or a section of an air vehicle. Operational and air-
worthiness checks of both equipment and airframe structure

are also included as is the installation and checkout of all
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electronics, avioniecs, electrical systems and wiring,

|

- 3. Miscellaneous labor consists of operations such as metal bond

testing, cleaning, sealing, and painting.
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APPENDIX C
SUMMARY OF SYSTEMS DESCRIPTIONS

A. WING, TAIL AND BODY SYSTEMS

The wing, tail and body structural systems are considered together

for they have similar designs and use similar materials and methods of

- fabrication.

- The wing system consists of the wing box structure, leading and trail-
ing edge structure and leading and trailing edge control surfaces. Actua-
tion for the control suzfaces is accoﬁnted for in the flight controls

system. The wing carry through structure is included with the wing system.

Systems such as the fuel system, hrdraulic system and anti-ice system are

”r included with their respective functional systems. For wing mounted landing
. gear designs, the wing bulkhead, trunnion attach fitting an' auxiliary spar
%: s structure required to distribute landing gear loads in the wing and to j

transfer the~e loads to the fuselage are included with the alighting gear o
system. &ll wing attach bulkheads located in the fuselage are included :

- e

in the body system.

= The tail system or empennage is defined similar o that of the wing. 1
l The horizontal tail includes all carry through structure, but the vertical .. ' *
= ! tail usually terminates at the fuselage loft line (top of fuselage). o

Fairings, fillets and the fin are included with the tail system.

The body system consists of fuselage shell structure, door and win--
dow frames, doors, windows, floors, bulkheads, cockpit windshield,
radome, and tailcone. Door actuation mechanisms and airstairs are also
included with the body system. For the C-5A and AST(M), the body system
includes the cargo loading system since it 13 built in integral with the ;i
floor structure. Sidewall insulation and paneling as well as cockpit -

instrument panels and consoles are considered part of the furnishings and o

equipment system, ii
*
L]
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B, ALIGHTING GEAR SYSTEM

The ulZghting gear system consists of all items associated with main
and nose gears. This includes landing gear structure which is made up of
struts, side and drag braces, bogie beams and/or axles, trunnions, attach-
ment fittings and wing attachment bulkheads, and extra load-path material
in the wing for wing mounted gears. The alighting gear controls comprise
the componerts for such functions as retraction, braking and steering.

The controls also include cables, wires, or lines from the cockpit controls
to the landing gear. In addition, the alighting gear system includes the

rolling items of wheels, brakes and tires.

c. NACELLE SYSTEM

The nacelle system includes the cowl structure, the pylon structure,
and the sound suppression ringe and supports. In general, the cowl
represents the structure frcm the inlet to the engine rear face excluding
the thrust reverser structure. The exhaust duct, aft cowling and thrust
reverser structure aft of the engine rear face is included with the pro-
pulsion system. The fan thrust reverser including inner and oute: ducting
and core cowl over the length of the fan thrust reverser is also included

with the propulsion system.

The pylon includes the apron, enginc mounts and wing or fuselage
attach fittings. Wing or fuselage attach bulkheads are included with

their respective functional systems.

The sound suppression components include the rings and support struts.
Any sound suppression treatment to the cowl inside walls is included with
the cowl. Any inner skin and ducting for ice protection in the sound

suppression rings and nacelle inlet 1ip are included with the anti-icing

system.

D. PROPULSION SYSTEM (LESS ENGINE)

The propulsion system includes the engines (which are not considered
in this study), the fan exhaust thrust reverser system, the engine exhaust

thrust revercer/spoiler system, the engine system and fuel system. The
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fan exhaust thrust reverser system includes the translating structure, cas-
cades, blocker doors, fan exhaust ducting located with the translating struc-
ture and the actuation system and controls. The engine exhaust thrust
reverser/spoiler sysfem includes all of the structure and systems located
aft of the engine turbine exhaust flange which include the thrust reverser,
tailpipe and bullet. The engine systzms include components for cooling,
lubrication, ignition, throttle and starting as well as the water injection
system and cockpit controls. The fuel system includes the fuel fill and
drain system, fuel distribution system, fuel vent plumbing, fuel dump

system, integral wing tank sealant and supplemental fuel tanks.

E. FLIGHT CONTROLS SYSTEM

The flight controls system includes the following components: cockpit
controls, mechanical controls, hydraulic controls (actuators, control valves,
plumbing and fluid), control surface dampers, electrical controls (except
the integrated flight guidance and controls), and miscellaneous supports,
fairleads, rub strip-: and attachmehts. Military Standard 1374 also
includes the autopilot in the flight control system. But, in some of the
recent transport aircraft, it is difficult to separate the autopilot
system from the flight guidance and control system because of the inter-
dependency among components. Therefore, in this study the autopilot
system is included with the integrated flight guidance and control system
which is part of the avionics system.

Flight control functions may be broken into two groups: those per-
formed by the primary flight controls and those performed by the secondary
flight controls, Primary flight controls consist essentially of controls
for the horizontal stabilizer, rudder, ailerons and spoilers. These
provide pitch, roll and yaw control on all threc axes. The sccondary flipht
control system provides for symmetrical operation of wing lcading edge
slats and trailing edge flaps. This action provides 1ift augmentation for
aircraft takeoff and landing.
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F. HYDRAULIC SYSTEM

The hydraulic system provides power to operate the alighting gears
and the hydraulic flight control components. This system is required to
meet peak system demands during the most critical flight and landing condi-
tions. Because of the criticality of its function, it .is generally
redundant. For example, the L-1011 has four separate, parallel, continu-
ously operating hydraulic systems such that it can complete its flight
plan with two inoperative systems and can maintain control and land
safely with three inoperative systems.

Engine driven hydraulic pumps are the primary power source for hydraulic
systems. These are occasionally supplemented by a pump connected to an air
turbine motor for emergency or peak power requirements. Electric motor-
driven pumps powered by the auxiliary power unit provide power for low
flow ground checkout and preflight pressurizaticn. Power transfer units
are one-way motor-driven pumps which provide the capability of generating
fluid pressure in one system through pumps driven by hydraulic motors
powered by another source. In addition to pumps, the hydraulic system

includes reservoirs, accumulators, filters, valves, controls and plumbing.

G. ELECTRICAL SYSTEM

The electrical system supplies power to a variety of operation com-
ponents on an.aircraft including, among others: 1lights, avionics, instru-
ments, passenger and cargo doors, galleys, environmental control system,

fire extinguishers, landing gear controls and auxiliary power unit (APU)

starting.

The electrical system consists of the AC power system, DC power system,
and lighting system. The AC and DC power systems include power generating
equipment (i.e., constant speed drives, generators, and batteries) and
the necessary controls, wiring, fittings and supports to distribuire
the electrical power from the power source to the electrical power center.
The AC and DC power systems also include the structure and circuitry of

the electrical power center. Circuitry from the power center to the
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various ccmponents using electricity are included with their respective
functions.

The lighting system includes all interisr and exterior lights with
their supports and associated circuitry. For commercial aircraft, the
interior lighting system includes the individual passenger reading lights.

H. INTEGRATED PNEUMATIC SYSTEM

Integrated pneumatic system (IPS) is a term often applied to the com-
bined pneumatic, air conditioning, anti-icing and auxiliary power systems.
Although these systems are treated separately in Military Standard 1374
(except for the pneumatic system which is combined with the hydraulic
system) the manufacturers and their major subcontractors consider them as
part of a single system because of their commonality. In.some cases an
aircraft manufacturer will have a single subcontractor oversee the design
and production of all of these systems. The systems which comprise the
IPS are discussed below in turn.

Pneumatic System

The pneumatic system includes all heat exchangers and ducting which
carries pressurized air from each of the main engines and from the auxiliary
power unit (APU). The pneumatic system provides compressed air for cabin
pressurization, air conditioning and ventilation, engine starting, ice
prevention on critical aerodynamic surfaces, and turbine driven supple~
mentary or emergency hydraulic power. To perform these functions, each
turbine engine is equipped with a bleed air extraction system. The bleed
air control system regulates the pressure and temperature of air supplied
to pneumatic accessories and to the air conditioning system. The pressur-
ized air is distributed by a comprehensive ducting system, suitable
pneumatic ground service connections, the necessary control and isolation

and check valves.

Anti-Tcing System

Anti-icing functions can be performed by either hot bleed air or

electrical heat. Bleed air systems, which are the most common, include
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all ducting from the main pneumatic source and inner skins which form the
hot air cavities along the leading edges of the surfaces. Electrical systems
include the electrical blankets fastened to the outer surfaces of critical
surfaces plus all Qiring and controls.

Auxiliary Power Plant System

The auxiliary power plant system supplies all power for ground opera-
tions in lieu of ground support equipment. These operations include: cabin
ground air conditioning, engine starting, air turbine motor driven hydraulic
power and driving a generator for electric power. In addition to allowing
ground self-sufficiency, the auxiliary power plant system may be used in
flight to provide emergency or supplemental power for air conditioning,
hydraulic services and other critical, electrically powered components.

When the auxiliary power plant is expected to be operated in flight, FAA

regulations require that it be enclosed in a stainless steel housing for
fire protection and this enclosure is considered as part of the auxiliary
power plant system. |

The auxiliary power system includes the auxiliary power unit (4PU) ,
fireproof enclosure, air induction and exhaust, piping and auxiliary back-
up components such as starter, battery and generator.

1. FURNISHINGS AND EQUIPMENT SYSTEM

Furnishings and equipment include a variety of items in the cockpit
main cabin and cargo compartment. In the cockpit, this category includes
all instrument and console panels, seats, insulation, lining, crew oxygen

system, and cockpit door and partitions. .

In the main cabin of the commercial aircraft, this category includes
seats, floor covering, insulation, side panels, ceiling structure, hatrack
or baggage containers, complete lavatory installation, complete galley
installation including food container inserts, ovens, refrigerators, food
carts, window shades, divider partitions, stowage provisions for luggage
and magazines, passenger cool air and call buttons, stewardess seats, and
passenger oxygen system including portable emergency oxygen bottles.
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Passenger reading lights are included with the electrical system and dis-
cussed with it. The entertainment system is included in the avionics

system,

In the cabin of military aircraft, the furnishings and equipment
category includes insulation and lining, troop seats, litters, crew bunks,
galley and lavatory, floor covering, cargo and aerial delivery system
(winches, pry-bar, tie-down fittings), equipment stowage and troop oxygen

system.

In the belly of the commercial aircraft, this category includes insula-
tion and lining and belly cargo loading system. The cargo containers are

not included as they are operator's items.

Miscellaneous items include the engine and cabin fire extinguisher
systems, fire warning system, exterior finish, and miscellaneous emergency
equipment (i.e., first aid kit and fire ax). Emergency exit slides and

1ife rafts are not included as they are operator's items.

J. INSTRUMENT SYSTEM

Instruments perform the basic monitoring and warning functions asso-
ciated with the flight of the aircraft, control surface positioning,
electrical, hydraulic and pneumatic systems operation, engine operation,
and fuel quantity. The instrument system includes cockpit iadicators and
warning lights, electronic black bozes at the point of signal input, and
circuitry between the black boxes and the monitoring devices.

K. AVIONICS SYSTEM
The avionics system is separated into fonr subsystems as follows:

1. The integrated flight guidance and controls subsystem includes
the autopilot system, and associated pitch, roll, yaw com-
puters; the flight director system; the gyrocompass system;
the attitude and heading reference system; and the inertial
navigation system. These units are interdependent and are,

therefore, integrated into one operating unit. Although a
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part of this subsystem, the auto~throttle/thrust management

system is included with the propulsion system because 1t

functions as an engine control. All indicators, servomechanism,

and associated circuitry, supports and attachments related to

the integrated flight guidance and controls subsystem are also
included.

The communication subsystem is separated by its internal and

external functions.

a.

The internal communication system includes the interphone
system, the public address system, and the multiplex (MUX)
system. The MUX system is a signal transmission source
for the passenger-to-attendant call system, passenger
entertainment system, the public address system, the
reading light system, the passenger oxygen latch release
system and the passenger individual cool air system., The
DC-10 and the L-1011 utilize a communication MUX system.
All amplification units, head and hand sets, speaker
installations, encoders and decoders for the MUX system,
and associated wiring, supports and attachments related

to the internal communication system are also included.

The external communicacion system includes the radio equip-
ment which is used for aircraft to aircraft or aircraft

to ground communications. It is composed of the very

high frequency (VHF) system, the high frequency (HF)
system, the ultrahigh frequency (UHF) system, provisions
for satellite communication, the selective call (SELCA)
system, and t*: voice scrambler system. Most overwater
airplanes are equipped with HF or UHF equipment. All

radio units, antennas, and associated coax, wiring,
supports and attachments related to the external

communication system are also included.
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3.

The navigation subsystem includes all radar equipment, the auto-
matic direction finding (ADF) system, the distance measuring
equipment (DME) system, the long range navigation (LORAN) system,

the doppler system, the navigation computer systems, the

stationkeeping system, the tactical air navigatiou (TACAN) system,

the variable omnirange (VOR) system, the marker beacon system,
the instrument landing system (ILS), the collision avoidance
gsystem (CAS), the airport traffic control (ATC) system the
radio altimeter system, the glide slope system and the radar
beacon system. Most overwater aircraft are equipped with LORAN
and doppler systems. All of the navization units, indicators,
antennas, associated circuitry and antenna coax, and supports
and attachments related to the navigation subsystem are also
included.

The miscellaneous equipment subsystem includes the flight, voice
and crash recorder systems, the aircraft integrated data (AID)/
malfunction detection analysis and recording (MADAR) systems,
the weight and balance system, if installed, the equipment rack

structure and miscellaneous hardware and circuitry.

L. LOAD AND HANDLING SYSTEM

The load and handling system consists of fittings and structural pro-

visions for jacking, hoisting and mooring. Some military aircraft have

stabilizer jacks to hold the aircraft in a rigid position during cargo

loading.

,
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